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Introduction 


The  processes  of  interest  here  are  the  two-  and  three-body  mecha- 
nisms which  may  respectively  be  written: 

X+  + Y~  ► [X  + Y] 

X+  + Y"  + Z ->  IX  + Y]  + Z 

The  square  brackets  indicate  that  the  species  may  remain  associated 
after  recombination.  They  may  also  be  excited.  Data  for  the  two-body 

case  are  presented  as  a two-body  rate  in  units  of  cm'*  s *" . Data  for  the 
three-body  case  are  normally  presented  in  the  form  of  a two-body  rate 

for  recombination  (cm*  s *)  as  a function  of  the  total  gas  density; 

density  is  often  expressed  as  the  ratio  N/N  where  N is  the  density 

-3  L 19  _3 

(cm  ) and  is  I.oschmidt's  number  (2.69  x 10  cm  » the  number  density 

at  STP) . In  the  following  tabular  presentations  a reaction  is  identi- 
fied by  the  recombining  ions  but  the  final  state  of  the  atoms  is  not 
indicated  unless  the  author  of  the  original  data  has  done  so;  in  most 
experimental  measurements  only  the  loss  of  ions  by  recombination  is 
monitored  and  the  final  state  of  the  products  is  not  defined. 

General  References : 

1.  D.  R.  Bates,  "Recombination",  in  "Case  Studies  in  Atomic  Physics" 
(Edited  by  E.  W.  McDaniel  and  M.  R.  C.  McDowell),  _4,  59,  North-Hoi  land , 
Amsterdam  (1975). 

2.  M.  R.  Flannery,  "Ionic  Recombination",  "Atomic  Processes  and  Appli- 
cations" , (Edited  by  P.  G.  Burke  and  B.  L.  Moiseiwitsch) , North- 
Holland,  Amsterdam  (1976). 

3.  M.  R.  Flannery,  "Three-Body  Recombination  of  Positive  and  Negative 
Ions",  "Case  Studies  in  Atomic  Collision  Physics"  (Edited  by 

E.  W.  McDaniel  and  M.  R.  C.  McDowell),  2^,  3,  Nor th-Hol land , 

Amsterdam  (1972). 

4.  B.  H.  Mahan,  "Recombination  of  Caseous  Ions,"  Advances  in  Chemical 
Physics.  (Edited  by  I.  Prigogine) , 2_3,  1,  (1973). 

5.  H.  S.  W.  Massey,  Negative  Ions  (Third  Edition),  Cambridge  University 
Press,  New  York  (1976). 

6.  H.  S.  W.  Massey  and  H.  B.  Gilbody,  Electronic  and  Ionic  Impact 
Phenomena , 4,  Clarendon  Press,  Oxford  (1974). 
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7.  E.  W.  McDaniel,  Collision  Phenomena  in  Ionized  Gases, 

Wiley,  New  York  (1964). 

8.  J.  T.  Moseley,  R.  E.  Olson,  and  J.  R.  Peterson,  "Ion-Ion  Mutual 
Neutralization,"  Case  Studies  in  Atomic  Physics  (Edited  by 

E.  W.  McDaniel  and  M.  R.  C.  McDowell),  Nor th-Holland , 

Amsterdam  (1976). 

Data  Needed:  Experimental  rate  coefficients  for  three-body  recombina- 
tion in  pure  gases  and  gas  mixtures  at  high  pressures  with  positive 
identification  of  the  recombining  ionic  species.  "High  pressure"  means 
pressures  from  1 Torr  to  the  highest  possible  value. 
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Tabular  Data  B-l.A-1.  (Continued) 
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Pabular  Data  B-l.A-1.  (Concluded). 


Graph  B-l . A-21 
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Tabular  Data  B-l.A-2.  (Concluded) 


Tabular  Data  B-l.A-3.  Cross  section  for  the  two-body  mutual 
neutralization  of  H+  and  H ions. 


Barycentric 

Energy 

(eV) 


Recombination  Cross  Section 
(cm2 ) 


H+  + H' 


H + H 


1.0  E-01 

2.0  E-01 

3.0  E-01 

5.0  E-01 

1.0  E 00 

2.0  E 00 

3.0  E 00 

5.0  E 00 

1.0  E 01 

2.0  E 01 

3.0  E 01 

5.0  E 01 

1.0  E 02 

2.0  E 02 

3.0  E 02 

5.0  E 02 

7.0  E 02 

1.0  E 03 

2.0  E 03 

3.0  E 03 

5.0  E 03 


References : 

J.  Moseley,  W.  Aberth,  and  J.R,  Peterson,  Phys . Rev.  Letts.  2U_,  1435  (1970), 
R.D.  Rundel,  R.L.  Aitken,  and  M.F.A.  Harrison,  J.  Phys.  B 2,  95*4  (1969). 
Accuracy : 

The  total  error  is  believed  not  to  exceed  + 35#. 
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Graphical  Data  B-l.A-4.  Cross  sections  for  the  two-body  mutual  neutralization 

+ — 

of  H and  ii  ions.  (Tabular  data  were  presented  on  the  previous  page.) 


Tabular  Data  B-l.A-5.  Cross  sections  for  the  two-body  mutual 


neutralization  of 

He+  with  H 

ions  and  of  He+  with 

D ions. 

Barycentric 

Energy 

(eV) 

Recombination  Cross 
( cinz  ) 

Section 

+ 

He  * 

H D 

He  4 

• H 

1.0 

E 

00 

1.00 

E-13 

2.0 

E 

00 

7.3  6 

E-ll» 

3.0 

E 

00 

6.  ll* 

E-ll* 

5.0 

E 

00 

5.09 

E-lU 

1.0 

E 

01 

3.88 

E-ll* 

2.0 

E 

0 

2.98 

E-lU 

3.0 

E 

01 

2.59 

E-l4 

5.0 

E 

01 

2.18 

E-ll* 

1.0 

E 

02 

1.78 

E-lU 

2.0 

E 

02 

1.53 

E-lU 

3.0 

E 

02 

1.1*2 

E-ll* 

1.1*1* 

E-ll* 

5.0 

E 

02 

1.25 

E-lU 

1.23 

E-ll* 

9.0 

E 

02 

1.09 

E-ll* 

1.5 

E 

03 

9.06 

E-15 

2.0 

E 

03 

9.27 

E-15 

U . 0 

E 

03 

1*  .1*2 

E-15 

6.0 

E 

03 

1.93 

E-15 

References : 

He+  + H“:  T.D.  Gailey  and  M.F.A.  Harrison,  J.  Phys . B 3_,  1098  (1970). 

He+  + D : R.E.  Olson,  J.R.  Peterson,  and  J.T.  Moseley,  J.  Chem.  Phys. 
53,  3391  (1970). 

Accuracy: 

The  total  error  is  believed  not  to  exceed  + 35$. 
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Tabular  Data  B-L.A-7.  Cross  sections  for  the  two-body  mutual 
neutralization  of  N+  with  0 ions,  of  0+  with  0-  ions,  and 
of  with  D ions. 


Barycentric 

Energy  Recombination  Cross  Section 

(eV)  (cm2) 


N+  + 

0~ 

+ 

0 + 

0" 

H2+  + D- 

1.0 

E- 

-01 

9.38 

E-13 

7.21 

E-13 

1.2 

E- 

-01 

8.1*5 

E-13 

8.00 

E-13 

6.00 

E-13 

2.0 

E- 

-01 

5.50 

E-13 

U.92 

E-13 

3.72 

E-13 

3.0 

E- 

-01 

1*.00 

E-13 

3.51 

E-13 

2.6  7 

E-13 

5.0 

E- 

-01 

2.7** 

E-13 

2.32 

E-13 

1.86 

E-13 

1.0 

E 

00 

1.83 

E-13 

1.U2 

E-13 

1.16 

E-13 

2.0 

E 

00 

1.21 

E-13 

1.00 

E-13 

7.^1 

E-ll* 

3.0 

E 

00 

9.73 

E-ll* 

8.36 

E-ll* 

5.75 

E-ll* 

5.0 

E 

00 

7.^1 

E-ll* 

7.02 

E-ll* 

1* . 51 

E-ll* 

5.6 

E 

00 

7.23 

E-ll* 

6.68 

E-ll* 

1*  .21 

E-ll* 

1.0 

E 

01 

5.62 

E-ll* 

5.88 

E-ll* 

»*.39 

E-ll* 

1.5 

E 

01 

1*  .81 

E-ll* 

5.1*6 

E-ll* 

3.60 

E-ll* 

2.0 

E 

01 

5.25 

E-ll* 

2.77 

E-lU 

3.0 

E 

01 

3.10 

E-ll* 

1+ . 0 

E 

01 

2.9I* 

E-ll* 

5.0 

E 

01 

2.66 

E-ll* 

6.0 

E 

01 

2.53 

E-ll* 

References : 

N+  + 0":  W.  Aberth  and  J.R.  Peterson,  Phys.  Rev.  A 1^,  158  (1970). 

0+  + 0~:  J.T.  Moseley,  W.  Aberth,  and  J.R.  Peterson,  J.  Geophys.  Res. 

77,  255  (1972). 

H + + D~:  W.  Aberth,  J.T.  Moseley,  and  J.R.  Peterson,  Two  Body  Ion-Ion 
Neutralization  Cross  Sections,  Af’CRL  Report  No.  71-0U81,  Air  Force  Cambridge 
Research  Laboratories,  Bedford,  Mass.  (1971);  J.T.  Moseley,  R.E.  Olson,  and 
J.R.  Peterson,  Case  Studies  in  Atomic  Physics  5.,  1 (1975). 

Accuracy: 

The  total  error  is  believed  not  to  exceed  + 35X 
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(a)  Circles  .ire  i total  cross  section,  triangles  art-  for  1 ight  emission  In  the 
3p  * 2s  transition  of  Na. 


(b)  Light  emission  in  the  3d  -*  3p  transition  of  Na . 

(c ) Light  emission  in  the  rip  ► 3s  transition  of  Na. 


From  J.T.  Moseley  et  al..  .1 . Geophys.  Res.  77.  255  (1972)  and  J.  Weiner  et  al . 
Phvs.  Rev.  A 4,  1825  (1971). 


Graphical  Data  B-l.A-9.  Cross  sections  for  mutual  neutralization 
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Tabular  Data  B-l.A-10. 


Cross  sections  for  the  two-body  mutual 
neutralization  of  0,7  with  07  ions  and  of  N7  with  0,,  ions. 


Barycentric 

Energy 

(eV) 

Recombination 
( cni? 

Cross  Section 

) 

♦ 

+ 

N..  + 0. 

0 + 0 

2 

2 

2 

2 

1.5 

E- 

-01 

1.20 

E-12 

2.42 

E-12 

2.0 

E- 

-01 

1.00 

E-12 

1.91 

E-12 

3.0 

E- 

-01 

7.20 

E-13 

1.48 

E-12 

4.0 

E- 

•01 

6.12 

E-13 

1.25 

E-12 

6.0 

E- 

•01 

4.88 

E-13 

1.03 

E-12 

1.0 

E 

00 

3.57 

E-13 

7.48 

E-13 

2.0 

E 

00 

2.21 

E-13 

3.87 

E-13 

3.0 

E 

00 

1.64 

E-13 

2.29 

E-l  3 

>4.0 

E 

00 

1.27 

E-13 

1.73 

E-13 

it. 5 

E 

00 

1.13 

E-13 

1.80 

E-13 

5.0 

E 

00 

1.20 

E-13 

1.95 

E-13 

6.0 

E 

00 

1.42 

E-13 

1.55 

E-13 

7.0 

E 

00 

1.59 

E-13 

1.35 

E-13 

8.0 

E 

00 

1.52 

E-13 

1.29 

E-13 

9.0 

E 

00 

1.42 

E-13 

1.07 

E-13 

1.0 

E 

01 

1.27 

E-13 

1.00 

E-13 

1.2 

E 

01 

9.12 

E-l4 

1.09 

E-13 

1.4 

E 

01 

9.00 

E-l4 

1.5 

E 

01 

1.18 

E-13 

2.0 

E 

01 

6.73 

E-l4 

2.5 

E 

01 

7.30 

E-l4 

2.8 

E 

01 

5.53 

E-l4 

3.2 

E 

01 

6.22 

E-l4 

4.4 

E 

01 

4.98 

E-l4 

5.0 

E 

01 

5.98 

E-l4 

7.0 

E 

01 

3.66 

E-l4 

8.0 

E 

01 

4.33 

E-l4 

9.0 

E 

01 

4.10 

E-l4 

References : 

02+  + O2"":  J.R.  Peterson,  W.  Aberth,  J.T.  Moseley,  and  J.R.  Sheridan, 
Phys.  Rev.  A 3,  1651  (1971). 

N2+  + O2"*:  W.  Aberth  and  J.R.  Peterson,  Phys.  Rev.  A 1^,  158  (1979). 


Accuracy : 

The  total  error  is  believed  not  to  exceed  + 35#. 
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Graphical  Data  B-l.A-li.  Cross  section  for  mutual  neutralization 
of  02+  and  N ,+  with  0?  . (Tabular  data  were  presented  on  the 
previous  page  . ) 


Tabular  Data  B-l.A-13.  Cross  sere  ions  for  the  two-body  mutual 
neutralization  of  with  0 ions  and  of  NO  with  0 ions. 


Hary centric 

Energy 

(eV) 

Recombination  Cross 
( cm?  ) 

Section 

-f 

NO  -*  0 

O 

+ 

0; 

1.5  E-01 

1.12  E-12 

1* . 17  E-13 

2.0  E-01 

8.97  E-13 

3.1***  E-li 

3.0  K-01 

6.1*1  E-13 

2.53  E-13 

5.0  E-01 

1*.)*)*  E-13 

1.83  E-13 

1.0  E 00 

2.71  E-13 

1.19  E-13 

2.0  E 00 

1.66  E-13 

8.53  E-lb 

5.0  E 00 

1.00  E-13 

5.88  E-ll* 

1.0  E 01 

7.9l*  K-li* 

1* . 7 1*  E-lb 

2.0  E 01 

6.30  E-li* 

3.80  E-lb 

2.5  E 01 

5.93  E-lb 

3.37  E-ll* 

5.0  E 01 

3.11  E-lb 

8.0  E 01 

2.67  E-lb 

Ho  for  -hop  : 

J.T.  Moseley,  W.  Aberth,  and  J.R.  Peterson,  J.  Goophys.  Hos.  77 , 755  (1972) 
Accuracy : 

The  total  error  is  believed  not  to  exceed  + 35?. 
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Tabular  Data  B-l.A-15.  Three-body  recombination  rates 

“6  3 “"1  -f-  — . 

a(10  cm  sec  ) for  the  processes  X + F + X 

■k 

XF  + X,  (X  - He,  Ne,  Ar,  Kr,  Xe)  as  a function  of  gas 

density  N at  300°K.  Low-density  limit  is  a N/N 

,ir.-6  3 -1. 

(10  cm  sec  ). 


N/Nt‘ 

He 

Ne 

Ar 

Kr 

Xe 

0.1 

0.591 

0.315 

0.817 

0.597 

0.351 

0.2 

1.110 

0.001 

1.434 

1.001 

0.602 

0.4 

1.990 

1.107 

2.312 

1 . 739 

1.193 

0.6 

2.717 

1.541 

2.8G7 

2.173 

1.592 

0.8 

3.333 

1.913 

3.197 

2.420 

1.849 

1.0 

3.864 

2.232 

3.  364 

2.528 

1.978 

1.2 

4.327 

2.502 

3.417b 

2.541 6 

2.010" 

1.4 

4.732 

2.728 

3.393 

2.492 

1.978 

1.6 

5.088 

2.914 

3.321 

2.409 

1.909 

1.8 

5.400 

3.  064 

3.219 

2.306 

1.820 

2.0 

5.674 

3.180 

3.101 

2.197 

1.725 

2.2  ' 

5.912 

3.  269 

2.976 

2.080 

1.629 

2.4 

6.118 

3.332 

2.850 

1.979 

1.536 

2.6 

6.296 

3.373 

2.725 

1.877 

1.449 

2.8 

6.447 

3.395 

2.605 

1.781 

1.369 

3.0 

6.574 

3.4026 

2.491 

1.092 

1.294 

3.5 

6.801 

3.366 

2.233 

1.495 

1.134 

4.0 

6.920 

3.277 

2.013 

1.334 

1.005 

4.5 

6.958b 

3.160 

1.827 

1.200 

0.900 

5 

6.933 

3.028 

1.669 

1.089 

0.813 

6 

6.756 

2.755 

1.417 

0.916 

0.681 

7 

6.485 

2.499 

1.228 

0.789 

0.585 

8 

6.174 

2.270 

1.082 

0.692 

0.512 

9 

5.853 

2.071 

0.966 

0.616 

0.455 

10 

5.541 

1.899 

0.872 

0.554 

0.410 

20 

3.392 

0.  998 

0.439 

0.277 

0.205 

30 

2.368 

0.670 

0.293 

0.185 

0.137 

40 

1.797 

0.503 

0.220 

0.139 

0.102 

50 

1.441 

0.403 

0.176 

0.111 

0.082 

a0 

6.340 

3.305 

9.579 

6.936 

3.  777 

*Nl  is  Loschmidt’s  number  (2.69*1019  cm"3),  the  number  den- 
sity at  STP. 
b Indicates  peak  value. 


References:  M.  R.  Flannery  and  T.  P.  Yang,  Applied  Phys. 
Letts  32,  327  (1978). 
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Tabular  Data  B-l.A-17.  Three-body  recombination  rates 
a(10  ^ Cm^  Sec  S for  the  processes  X,;+  + F + X -*■ 
[X^F]  + X (X  i He,  Ne,  Ar,  Kr,  Xe)  as  a function  of 

gas  density  N at  300°K.  Low-density  limit  is  aQ  N/N 

„-6  3 -1. 

( 10  cm  sec  ) . 


N/N,* 

He 

Ne 

Ar 

Kr 

Xe 

0.1 

0. 154 

0.315 

0.  083 

0.350 

0.2 

0.302 

0.  593 

1.  195 

0.649 

0.  384 

0.4 

0.583 

1.070 

1.  925 

1.  147 

0.762 

0.6 

0.851 

1.471 

2.407 

1.  535 

1.  114 

0.8 

1.107 

1.815 

2.  725 

1.825 

1.409 

1.0 

1.356 

2. 113 

2.924 

2.024 

1.627 

1.2 

1.  597 

2.370 

3.038 

2. 147 

1.765 

1.4 

1.833 

2.  593 

3.089 

2.  209 

1.832 

1.6 

2.063 

2.  783 

3.  096" 

2.  224" 

1.845" 

1.8 

2.288 

2.  944 

3.071 

2.  207 

1.819 

2.0 

2.508 

3.079 

3.023 

2. 166 

1.768 

2.2 

2.723 

3.  190 

2.  960 

2. 110 

1.704 

2.4 

2.933 

3.  278 

2.886 

2.046 

1.632 

2.6 

3.137 

3.348 

2.  806 

1.  976 

1.  558 

2.8 

3.336 

3.399 

2.722 

1. 904 

1.485 

3.0 

3.  528 

3.436 

2.636 

1.  832 

1.414 

3.5 

3.  980 

3.471" 

2.421 

1.  659 

1.252 

4.0 

4.388 

3.445 

2.216 

1.  502 

1.  114 

4.5 

4.746 

3.379 

2.028 

1.363 

1.000 

5 

5.055 

3.287 

1.859 

1.242 

0.  902 

6 

5.519 

3.064 

1.576 

1.046 

0.  754 

7 

5.795 

2.  829 

1.358 

0.  898 

0.  646 

8 

5.  914" 

2.604 

1.188 

0.786 

0.  565 

9 

5.912 

2.  398 

1.054 

0.  698 

0.  502 

10 

5.823 

2.214 

0.946 

0.628 

0.452 

20 

3.950 

1. 189 

0.468 

0.313 

0.226 

30 

2.750 

0.797 

0.312 

0.209 

0.150 

40 

2.082 

0.  598 

0.234 

0. 156 

0. 113 

50 

1.671 

0.479 

0. 187 

0.125 

0.090 

«0 

1.572 

3.373 

8.061 

3.841 

1.949 

*NL  Is  Loschmidt's  number  <2.  69  x 10ls  cm"3) , the  number 
density  at  STP. 
b Indicates  peak  value. 


Reference:  M.  R.  Flannery  and  T.  P.  Yang,  Applied 
Phys.  Letts.  32^,  356  (1978). 
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Graphical  Data  B-l.A-19.  Rate  coefficient  a(cm  sec  ) at  298°K  for 
recombination  in  the  systems  0.+  + 0-  + 0~  -*  [0,]  + 0_  and  0,+  + 0, 

4 L L O Z 4 4 

+ 0,,  * [Ogl  + 0,  shown  as  a function  of  the  0^  number  density.  Lines 

are  theoretical  calculations  (by  Flannery),  crosses  at  low  densities 
are  experimental  data  for  recombination  in  an  experiment  where  the 
nature  of  the  ions  was  not  specified  (by  McGowan),  and  the  crosses  at 
high  densities  are  data  for  recombination  of  unknown  ions  in  air  (by 
Machler).  Reproduced  from  the  work  of  Bates  and  Flannery,  J.  Phys., 

B 2,  184  (1969). 
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Tabular  Data  B-l.A-20.  Three-body  recombination  rates  a(10  cm  sec  ~) 

+ — * — — — — — 

for  the  process  Ar  + Y + Ar  -+  ArY  + Ar,  with  Y F , C£  , Br  , I , 

for  various  gas  densities  N at  300°K.  Low  and  high  density  limits  are 

a~  (N/N  ) and  a (N  /N)  . 

0 L 00  L 


F~ 

Cl" 

Br~ 

2.622 

1.583 

1.212 

3.364 

2.300 

1.821 

3.394 

2.491 

2.029 

3.219 

2.490 

2.077 

3.101 

2.449 

2.063 

2.850 

2.324 

1.990 

2.491 

2.100 

1.829 

2.233 

1.917 

1.686 

2.013 

1.750 

1.549 

1.669 

1.473 

1.315 

9.579 

4.588 

3.514 

8.783 

7,949 

7.098 

1.231 

1.743 

1.896 

1.923 

1.908 

1.847 

1.716 

1.598 

1.484 

1.278 

3.992 

6.86  3 


Reference:  M.  R.  Flannery,  Chem.  Phys.  Letts.,  56,  143  (1978) 


Tabular  Data  B-l.A-22.  Three-body  recombination  rates  a(10 


-6 


sec  ) 


for  the  processes  Kr  + F + Rg  -*  KrF  + Rg  (Rg  : He,  Ne,  Ar,  Xe)  for 
various  gas  densities  N at  300°K.  Low-  and  high-density  limits  are 


a~  (N/N. ) and  a 

U L a 


(N^/N) , respectively. 


He 

Ne 

Ar 

Xe 

0.1 

-2b 

1.400 

3.618"* 

6.695"* 

5.896"* 

0.2 

2.816"2 

6.678"* 

1.171 

1.071 

0.4 

5.70l"2 

1.165 

1.886 

1.806 

0.6 

8.6S7"2 

1.556 

2.361 

2.275 

0.8 

1. 169-1 

1.873 

2.676 

2.517 

1.0 

1.479** 

2.132 

2.876 

2.591* 

1.2 

1.797** 

2.346 

2.992 

2.557 

1.4 

2.123"* 

2.522 

3.046 

2.462 

1.6 

2.457"* 

2.667 

3.056* 

2.338 

1.4 

2.799'* 

2.784 

3.035 

2.205 

2.0 

3.149'* 

2.877 

2.991 

2.072 

2.2 

3.508** 

2.951 

2.932 

1.945 

2.4 

3.874*1 

3.008 

2.864 

1.827 

2.4 

4.248'* 

3.050 

2.789 

1.718 

2.1 

4.630'1 

3.079 

2.711 

1.618 

3.0 

S.021'1 

3.098 

2.632 

1.527 

J.5 

6.031'1 

3.108* 

2.4  36 

1.334 

6.0 

7.090'1 

3.079 

2.250 

1.181 

6.S 

8.19*'1 

3.027 

2.080 

1.057 

3 

9.340'1 

2.959 

1.925 

9.551"* 

6 

1.174 

2.800 

1.661 

7.995  * 

7 

1.427 

2.632 

1.449 

6.866'* 

-1 

8 

1.686 

2.463 

1.278 

6.013 

9 

1.947 

2.300 

1.140 

5.346  1 
-1 

10 

2.206 

2.145 

1.027 

4.812 

20 

3.746* 

1.143 

5.107'* 

7.406"* 

30 

3.000 

7.687"’ 

3.400'* 

1.604"* 

40 

2.253 

5.676** 

2.549'1 

-1 

1.203'1 

30 

1.80? 

4.S37 

2.039 

9.62  3 

a 

o 

I.3*»r 1 

3.767 

7 . 9U9 

6. 

• 

9.004* 

2.268* 

1.019* 

4.811 

Is  LotchMdt  '•  number  (2.69 

..19 

10  c« 

),  the  number  density 

ot  STF. 

^The  exponent 
•ult Ipl led . 

C Ind  icu  1 cs  pe. 

denotes  the  power 

ik  vaIuC. 

of  ten  by 

which  the  entry  Is  to  be 

Reference : 

M.  R.  Flannerv  and  T 
33,  574  (1978). 

. P . Yang , Appl . 

Phvs.  Letts 
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Tabular  Data  B-l.A-24.  Three 
for  the  processes  Kr ,+  + F 

for  various  gas  densities  N 

* 

the  molecule  Kr^F  may  not 

are  an  (N/N  ) and  a (N, /N) , 
0 L °°  L 


”6  3 

-body  recombination  rates  a(10  cni  sec  ), 
+ Rg  -+  [Kr^F]  + Rg  (Rg  He,  Ne , Ar,  Xe), 
at  300°K.  The  square  brackets  denote  that 
remain  bound.  Low-  and  high-density  limits 
respectively. 


»/Hl* 

H« 

He 

Ar 

Xe 

0.1 

- 

1.673 

3.75s'1 

5.403'1 

2. 79S~l 

0.2 

3.362*2 

6.890'1 

9.S64"1 

5.408*1 

0.4 

6 . 7 70~  2 

1.190 

1.566 

1.020 

0.6 

1.023*1 

1.377 

1.984 

1.423 

0.8 

1.374*1 

1.884 

2.268 

1.727 

1.0 

1.731*1 

2.131 

2.455 

1.922 

1.2 

2.093'1 

2.331 

2.568 

2.021 

1.4 

2.461*1 

2.491 

2.627 

2.045c 

1.6 

2.836"1 

2.620 

2.648c 

2.017 

1.8 

3.216*1 

2.722 

2.640 

1.956 

2.0 

3. M2'1 

2.800 

2.612 

1.877 

2.2 

3.994*1 

2.859 

2.572 

1.789 

2.4 

4.392*1 

2.902 

2.522 

4.699 

2.6 

4.796'1 

2.931 

2.468 

1.610 

2.8 

5.206*1 

2.948 

2.411 

1.525 

3.0 

3.02X'1 

2.956C 

2.353 

1.445 

3.3 

6.682*1 

2.942 

2.210 

1.268 

4.0 

7.774*1 

2.895 

2.073 

1.122 

4.3 

8.893'1 

2.829 

1.943 

1.003 

3 

1.003 

2.732 

1.818 

9. cm'1 

6 

1.2)6 

2.587 

1.582 

7.552“' 

7 

1.472 

2.425 

1.375 

6.471“' 

8 

1.705 

2.278 

1.205 

5.659"' 

3 

1.931 

2.146 

1.069 

5.029"' 

10 

2.148 

2.027 

9.596"' 

4.524“' 

20 

3. 622C 

1.120 

4.749“' 

2.261“' 

30 

2.736 

7.4?r* 

3. 162"' 

1.507“' 

40 

2.043 

5.553“' 

2.371*’ 

1 .1  V>" 

30 

1.43? 

4 * <9‘  ‘ 

J b'1 

■1.1.43 2 

0 

0 

1.670-1 

4.145 

6.277 

2.928 

8.1S21 

2.2191 

9.481 

4.522 

*H^  it  loachmldt's  number 

(2.69  lO1’  c»'3),  tlu- 

number  density 

of  STP . 

^Th#  cvponent 

denotes  the 

power  of  ten  by  which 

the  entry  1*  to  be 

multiplied. 

^Indicate**  pc 

k value. 

Reference : 

M.  R.  Flannery  and  T.  F. 

Y.ing,  Appl. 

Phvs.  Lett 

33,  574 

(1978). 
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“6  3 ”1 

Tabular  Data  B-l.A-26.  Three-body  recombination  rates  a(10  cm  sec  ) 

+ - * _____ 
for  the  process  Hg  + Y + Ar  -*  HgY  + Ar  and  Y . F , Ct  , Br  , I , 

for  various  gas  densities  N at  300°K.  Low-  and  high-density  limits 

are  a^fN/N  ) and  a (N, /N). 

0 L <"  L 


N/N 

F 

Cf 

Br 

1 

0.5 

1.727 

1.485 

0.488 

0.198 

1.0 

2.380 

2.013 

0.887 

0.456 

1.4 

2.557 

2.163 

1.153 

0.694 

1.8 

2.573 

2.195 

1.360 

0.934 

2.0 

2.548 

2.184 

1.441 

1.046 

2.4 

2.461 

2.136 

1.557 

1.237 

3.0 

2.295 

2.031 

1.632 

1.416 

3.5 

2.156 

1.9  35 

1.624 

1.469 

4.0 

2.025 

1.837 

1.574 

1.456 

5.0 

1.787 

1.633 

1.415 

1.335 

ao 

5.947 

5.427 

1.144 

0.  388 

a 

CD 

9.380 

8.547 

7.696 

7.460 

Reference : 

M.  R. 

Flannery,  Chem. 

Phys.  Letts. 

56,  143  (1978) 
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reactants  in  known  excited  states  and  (2)  information  concerning  the 
^ states  of  excitation  in  which  reaction  products  are  formed. 
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Comments  on  Data  Presented  Here 


The  following  data  were  selected  from  the  compilation  "Ion-Neutral 
Reaction-Rate  Constants  Measured  in  Flow  Reactors  Through  1977",  bv 
D.  L.  Albritton,  Atomic  Data  and  Nuclear  Data  Tables  22^,  1-101  (1978). 

The  Albritton  compilation  lists  approximately  1600  ion-molecule  reac- 
tion measurements  made  with  flowing  afterglow,  flow  drift,  and  selected 
lon-flow  tubes.  The  rate  constants  measured  in  flow  reactors  con- 
stitute a sizable  fraction  of  all  measured  ion-neutral  rate  constants. 

Some  of  the  data  were  available  in  1977  but  published  in  1978.  Albritton's 
paper  contains  references,  error  estimates,  and  other  information  not 
presented  here.  The  accuracies  are  typically  approximately  t 30%. 

(See  Section  B-l.C  for  additional  data.) 


Explanation  of  Table 


Reaction:  Clustered,  excited-state,  and  doubly-charged  ions  are  listed 

after  normal  ions.  When  given,  product  ions  were  generally 
observed  Product  neutrals  were  generally  not  observed. 


Rate  Constant:  Bimolecular  (k)  A+  + B -*■  C+  + D 

= -k[A+][Bl 


cmV  (molecule  • 
sec) , abbreviated 
3. 

as  cm  /sec 


Termolecular  (k)  A+  + B + M c+  + D + M 


d(A+ 

dt 


i = -k[A+][B][N] 


cm  / (molecule  • 
sec),  abbreviated 

6 , 

as  cm  / sec 


When  two  or  more  product  channels  occur,  the  tabulated  rate  constant 
refers  to  the  total  rate  into  all  product  channels.  Furthermore,  when 
the  reaction  has  been  studied  over  a range  of  temperatures  or  kinetic 
energies,  the  tabulated  rate  constant  refers  to  300°K  (or  0.04  eV)  if 
the  range  includes  room  temperature  or  t o the  temperature  or  energy 
nearest  300°K  if  the  range  does  not  include  room  temperature. 

Product  Ratio:  k./'k.,  where  k.  corresponds  to  the  tabulated  total 
L 1 l 

rate  constant. 

Energy  Range:  82-290,  300  etc.  Temperature  in  ’K 

0.14-2.0,  etc.  Relative  kinetic  energy  in  eV. 


Tin1  tabulated  energy  range  expresses  the  limits  over  which  the  reaction 
was  studied.  For  temperature,  these  limits  general l v imply  that  a few 
intermediate  temperatures  were  also  used,  but  not  always.  For  mean 
relative  kinetic  energy,  manv  intermediate  values  were  generally  examined. 
Fur t hermorc , the  mean  relative  kinetic  energy  is  that  calculated  for  an 
ion-speed  distribution  that  may  sometimes  differ  significantly  from  a 
Maxwellian  speed  distribution. 


Tabular  Data  B-l.B-1.  Rate  coefficients  of  lon-molecule  reactions 
(positive  ions). 


Reaction 

Positive 

Rate 

(cmV se 

Ions 

Constant 

c;  cm® /sec) 

Product 
Ratio  (%) 

Energy 
(°K.  eV) 

Ar+  + Ar  + He  -*  Ar*  + He 

i 

X 

10'31 

82  - 290 

Ar*  + CO  -►  CO*  + Ar 

9 

X 

10_11 

300 

Ar+  + C02  -*•  CO*  + Ar 

7.6 

X 

10-10 

300 

Ar*  + H2  “ ArH+  + H 

7. A 

X 

10-10 

82  - 506 

Ar*  + H.,0  -»  ArH*  + HO 

1.43 

X 

10-9 

296 

Ar+  + N2  - N*  + Ar 

7 

X 

10-12 

280 

Ar+  + 02  -*■  0^  + Ar 

5.2 

X 

io'n 

300 

Ar+  + 02  -*■  0*  + Ar 

4.6 

X 

10-U 

82  - 506 

C+  + CO  -*■  products 

< 5 

X 

io~13 

300 

C+  + C02  -v  CO*  + CO 

i.l 

X 

10-9 

300 

C+  + H2  •*  products 

< 5 

X 

io'13 

300 

C+  + H2  + He  -*  CH*  + He 

2.1 

X 

io'29 

90 

C+  + H20  -*•  CH0+  + H 

2.5 

x 

io~9 

300 

C+  + -*■  products 

< 5 

io'13 

300 

C*  + N20  - NO*  + CN 

9.1 

x 

io'10 

300 

C+  + 02  -V  co*  + 0 

9.9 

X 

io~10 

38 

300 

CH*  + CO  -*■  CHO*  + C 

7 

X 

io-12 

300 

CH+  + C02  -*  CH0+  + CO 

1.6 

x 

1 o'9 

300 

CH*  + H2  •*  CH*  + H 

1.2 

X 

IO-9 

300 

CH+  + H20  •*  CHO*  + H2 

2.9 

X 

io-9 

300 

C0+  + CH20  + CHO*  + CHO 

3.0 

X 

10-9 

55 

300 

co+  + co2  ■*  co*  + CO 

1.0 

X 

io-9 

300 

CO*  + H2  -*•  CH0+  + H 

1.8 

X 

10"9 

300 

co+  + h2o  ■*  h2o+  + CO 

2.2 

X 

o 

1 

xO 

300 

C0+  + N -►  N0+  + C 

< 2 

X 

io_u 

300 

CO*  + NO  -*■  NO*  + CO 

3.3 

X 

io-10 

300 
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Tabular  Data  B-l.B-1.  (Continued) 


Positive 

Ions 

Rate 

Constant 

Product 

Energy 

Reaction 

(cm-Vsec;  cm  /sec) 

Ratio  (%) 

(°K,  eV) 

CO*  + -*■  products 

< 4 

x IQ’14 

300 

C0+  + 0 -»  0+  + CO 

1.4 

x IQ'10 

300 

C0+  + °2  -*■  °2  + CO 

1.2 

. io'10 

300 

CO*  + H -»  CHO*  + 0 

6 

X IQ'10 

83 

300 

CO*  + H2  -*  CHO*  + H 

1.4 

X 10-9 

300 

CO*  + N •*  products 

< 1 

. io'u 

295 

CO*  + NO  -►  N0+  + C02 

1.2 

« 10-10 

295 

co*  + 0 -»  o+  + co2 

2.6 

« 10-10 

37 

295 

CO*  + °2  °2  + C02 

5.6 

x 10-11 

0.04  - 2.1 

co*  + o2  -►  o*  + CO 

6.4 

x 10-U 

300  - 870 

C2  + H2  h.  C2H+  + H 

1.4 

x 10-9 

300 

Cl+  + H2  -»  C1H*  + H 

7.1 

x 10-10 

29  7 

Cl*  + °2  -*■  °2  + Cl 

4 . 6 

X 10-10 

300 

C1H+  + H2  - C1H*  + H 

5.2 

x 10-10 

297 

Fe*  + 02  + Ar  -*  FeO*  + Ar 

1.0 

x 10- 30 

300 

Fe*  + Oj  FeO*  + C>2 

1.5 

x 10-10 

300 

H*  + C02  -►  CHO+  + 0 

3 

x 10"9 

300 

H+  + NO  - NO*  + H 

1.9 

.10-9 

300 

H*  + 0 ->•  0*  + H 

3.75 

. 10-10 

300 

HHe*  + ^2  ^ products 

> 3.5 

X 10-U 

200 

HHe*  + N2  + HN*  + He 

1.7 

x 10'9 

300 

HHe*  + H2  -*  products 

3.0 

x 10-10 

200 

KN*  + H2  -*•  H2N+  + H 

1 

X lO-9 

300 

HN*  + N2  + HN*  + N 

1 

X 10"9 

300 

HNe*  4*  H2  ■*  products 

2.0 

« 10"U 

200 

HNe2  + ♦ products 

9.6 

X 10_n 

200 

Table  B-l.B-1.  (Continued). 


Posit i ve 

Ions 

Kate 

Constant 

Product 

Energy 

Reaction 

(C»3/ So i 

cm” /sec) 

Ratio  (X) 

(°K,  eV) 

HO*  + H2  -*  H20+  + H 

1.5 

io'9 

300 

HO*  02  - 0*  + HO 

2 

10-10 

300 

HO*  + Ar  -»  ArH*  + 02 

1.9 

io'u 

0.21  - 2.1 

HO*  + C02  CHO*  + 02 

1.1 

10~9 

0.04  - 2.0 

HO*  + H2  - H*  + 02 

1.0 

10- 10 

0.04  - 0.2 

HO*  ♦ NO  ♦ HNO*  + 02 

7.3 

10-10 

0.05  - 1.2 

HO*  + N2  -»  KNt  + 0, 

8.0 

io*10 

0.04  - 1.5 

HjHe  + H2  products 

> 2.4 

10-11 

200 

H,N*  + H2  > H jN*  + H 

l 

io"9 

300 

H.,Ne  4*  H?  -*  products 

< 4.0 

10-13 

200 

H20*  + H2  -*  H^O*  + H 

1.4 

10-9 

300 

H20*  + HjO  -»  products 

1.67 

10-9 

300 

h2°*  + 02  -*  0*  + H,0 

2 

10-10 

300 

H20*  + CO  -*  CHO*  + H02 

5.5 

10-11 

0.2  - 1.4 

H2°2  * H2°  * K30+  + HOi 

1.7 

io"9 

0.04  - 0.5 

H20*  + NO  -*  NO*  + H202 

5.0 

* 

10-10 

0.04  - 1.3 

H*  + Ar  - ArH*  + H2 

< 1 

io-11 

300 

H*  + Ar  + Ar  ■+  ArH*  + Ar 

1 

io-31 

300 

H*  + Ar  + H2  ■*  ArH*  + H, 

1 

* 

io-31 

300 

H*  + CO  •*  CHO*  + H2 

1.4 

X 

io-9 

300 

H*  + C02  -►  CHO*  + H2 

1.9 

X 

io-9 

300 

H*  + H20  -»  H30*  + H2 

4.3 

X 

io-9 

297 

H*  + NO  -*■  HNO*  + H2 

1.4 

X 

io-9 

300 

H*  + N02  -»  NO*  + HO  + H2 

7 

X 

io-10 

300 

H*  + N2  -►  HN*  + H2 

2.0 

X 

io"9 

300 

H*  + N.O  - HN20*  + H2 

1.8 

X 

io-9 

300 
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Table  B-l.B-1.  (Continued). 


Positive 

Ions 

Rate 

Constant 

Product 

Energy 

Reaction 

(cmV-sec ; 

cm"/ sec) 

Ratio  (%) 

(°K,  eV) 

H*  + 0 ■*  products 

8.0 

x 

lO'10 

300 

H*  + 0.,  -►  HO*  + H, 

7.0 

* 

IQ’10 

0.04  - 0. 

H*  + 0,  + H,  ■+  H^*  + H, 

3 

* 

lO"29 

300 

H^0+  + H2  -*•  products 

< 5 

X. 

10' 15 

300 

H 0+  + H,0  + H2  -*•  H30+-H20  + H, 

5 

X 

10'27 

300 

H30+  + H2°  + He  ” H30+'H2°  + He 

6.65 

X 

10'28 

296 

He+  + Ar  -*■  Ar+  + He 

< 1 

X 

10~n 

300 

He+  + CO  . C+  + He  + 0 

1.7 

X 

io'9 

300 

He+  + C02  CO*  + He  + 0 

1.1 

X 

io'9 

79 

300 

He*  + -*•  products 

< 1 

io'1 3 

300 

He+  + H20  -►  HHe+  + HO 

4.5 

* 

io'10 

300 

He*  + Kr  •*  products 

< 1 

10' 11 

300 

He+  + NO  -»  N*  + He  + 0 

1.5 

X 

io'9 

300 

He+  + N2  N+  + He  + N 

1.6 

io"9 

60 

300 

He+  + N2(v)  -»  N+  + He  + N 

70 

300 

He*  + 02  -*■  0*  + He  + 0 

1.1 

X 

io'9 

97 

300 

He+  + Xe  -♦  products 

7 

X 

io'12 

300 

HeNe  + Ne  -*■  Ne+  + He 

1.4 

X 

io'10 

200 

He*  + Ar  -*  Ar  + 2He 

2.0 

X 

io'10 

200 

He*  + CO  -►  CO*  + 2 He 

1.4 

* 

io'9 

200 

He*  + C02  -*  C0+  + 2He  + 0 

1.8 

X 

io'9 

200 

He*  + H2  -►  products 

5.3 

X 

io'10 

200 

He*  + Kr  -*  Kr*  + 2He 

1.85 

X 

io'u 

200 

He*  + NO  N0+  + 2 He 

1.3 

X 

IO'9 

200 

He*  * n2  N2  + 2He 

1.2 

X 

io'9 

300  - 870 

He  2 + Ne  -*■  Ne  + 2 He 

6.0 

* 

io'10 

200 

1395 
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Table  B-l.B-1.  (Continued) 


Positive 

Ions 

Rate 

Constant 

Product 

Energy 

Reaction 

(cm ’/sec; 

cm  /sec) 

Ratio  (%) 

(°K,  eV) 

He*  + Ne  -*■  Ne+  + 2He 

1.4 

K 

0 

1 

o 

300 

f He*  + 0 -*■  0*  + 2 He  ♦ 0 

1.05 

X 

io-9 

200 

Kr+  + H -*•  HKr  * ♦ H 

2.01 

X 

0 

1 

o 

297 

Kr*  + H,o  -*  H , * ♦ Kr 

1.19 

X 

io*9 

296 

1 

N*  + CO  - CO*  ♦ N 

4.5 

x 

0 

1 

o 

88 

300 

N*  + CO,  ->  + NO 

1.0 

X 

o 

1 

xO 

25 

300 

N*  + F S - + FN 

1.4 

X 

o 

1 

xC 

300 

+ 

N + H,  * hn  + H 

00 

0 

1 

o 

300 

+ + 

N + H x />  + N 

2.8 

10~9 

300 

N*  + S.  - V •*  + S 

9 

io-10 

300 

N*  + N ♦ He  * N*  + He 

8.6 

x 

0 

n"> 

1 

o 

82  - 280 

N*  ♦ N,  ♦ H.  ♦ -*•  + 

He  + 

N2  5.2 

o 

1 

o 

300 

N*  ♦ 0 ~ V)*  -f  o 

6.1 

X 

o 

1 

o 

43 

300 

NO*  ♦ CO,  + Ar  - NO+-C02 

4- 

Ar 

5.0 

X 

0 

r i 

1 

o 

300 

NO*  ♦ C02  ♦ Ar  - N0+-C02 

-f 

Ar 

2.4 

X 

-29 

10  ** 

196  - 214 

NO*  «•  CO,  ♦ He  - NO** CO, 

2 2 

4- 

He 

4.5 

X 

0 

r"i 

1 

O 

300 

■f  -f 

NO  4*  C02  4-  He  ♦ NO  *C02 

4- 

He 

4 

X 

O 

m 

1 

O 

197  - 290 

NO*  + CO  ♦ N2  - NO* -CO 

4- 

N2 

9.5 

* 

0 

r-> 

1 

O 

225  - 300 

NO*  ♦ H,  ♦ products 

£ 1 

X 

o 

1 

300 

N0+  H20  + Ar  - N0+-H20 

4- 

Ar 

7.8 

io-29 

295 

NO*  + H20  + He  -»  NO^'HjO 

♦ 

He 

3.6 

X 

io-29 

295 

NO*  + H20  + N2  N0+-H20 

+ 

N2 

1.6 

* 

IO’28 

295 

N0+  + H20  + 02  -*■  N0+-H20 

•f 

°2 

8.6 

X 

io-29 

296 

NO*  + N + He  -*  NO*-N  + 

He 

' 

80  - 296 

4" 

NO 

+ N, 

+ N, 

- NO*' 

■N, 

4-  N„ 

* 1.0 

. io'30 

225  - 

300 

2 

2 

2 

2 

4 

NO 

* °2  * N2 

-*■  NO** 

°2 

+ N2 

3 

n 

1 

O 

225  - 

300 

1396 


Table  B-l.B-1.  (Continued) 


n 

Positive 

Ions 

Rate 

Constant 

Product 

Energy 

React  ion 

(cmVsec ; 

era” /sec) 

Ratio  (%) 

(°K,  eV) 

N0+  + 03  ■*  NO*  + 0o 

< i 

X 

10' 14 

300 

NO+-N,  + He  -►  NO*  + N, 

+ 

He 

80  - 296 

N0*-0,  + Ar  - NO*  + 02 

+ 

Ar 

200 

N0+‘02  + He  -*■  N0+  + 02 

+ 

He 

200 

NO*  + N -*  N0+  + NO 

< 8 

X 

10'12 

296 

NO*  + 0 -►  NO+  + 0o 

1 8 

X 

io'12 

296 

N*  + CO  -*  C0+  + N2 

7. A 

x 

io'u 

300 

N*  + CO,  - CO,  + N, 

7.7 

X 

io'10 

300 

N2  + H2  -*  HN,  + H 

2.1 

X 

10'9 

300 

+ H20  -*•  HN*  + HO 

2.8 

X 

io'9 

18 

300 

N*  + N ~ N*  + N, 

< 1 

io'11 

300 

N*  + NO  -►  NO+  + N2 

3.3 

X 

io'10 

295 

N*  + N,  + He  -»  N*  -t-  He 

1.9 

X 

io'2’ 

82  - 280 

N*  + N,0  -*  N,0*  + N, 

7.0 

X 

io'10 

300 

N*  + 0 - N0+  + N 

1.4 

io'10 

> 96 

295 

N2  + °2  * °2  + N2 

5.1 

x 

io'11 

300 

N*  + CO  + He  + N2  - N* 

■CO  + He 

+ N,  7 

X 

io'29 

300 

N*  + CO^  -*•  products 

< 5 

X 

io'14 

300 

N*  + H2  ■*  HN*  + HN 

2 

X 

ID'13 

300 

N*  + H20  -»  H,NO*  + N, 

3.3 

X 

io'10 

300 

N * + NO  -»  NO+  + N + N2 

1.4 

X 

IO'10 

0.0A  - 0.3 

N^  + 02  -*  NO+  + N20 

5.1 

X 

io'11 

70 

300 

N*  + CO  C0+  + 2N„ 

5 

X 

io'10 

300 

N*  + CO?  CO*  + 2N? 

7.0 

X 

1,-10 

300 

N*  + H,  -►  HN*  + H + N? 

5.8 

X 

IO'12 

87 

300 

N*  + H.O  -►  H,0+  + 2N., 

U l L l 

3.0 

X 

1C'9 

300 

1397 
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Table  B-l.B-1.  (Continued), 


Posit ive 

Ions 

Rate 

Constant 

Product 

Energy 

Reaction 

(cmVsec;  cm”/ sec) 

Ratio  (%) 

(°K,  eV) 

K + °2  " °2  + 2N2 

2.5 

x 10_1° 

300 

Ne+  + CO  -*■  products 

< 1 

x 10-13 

300 

Ne  + CO^  -*•  products 

5 

x 10-U 

300 

Ne+  + -*■  products 

< 3 

, 10-13 

300 

Ne+  + H O -*•  H0+  + H + Ne 

8.2 

x 10-10 

300 

Ne+  + NO  -*  N+  + Ne  + 0 

1.2 

x 10-10 

300 

Ne+  + -*■  products 

<_  1 

■ 10-12 

300 

Ne+  + ^(>7*2)  -*■  + Ne 

2.3 

x 10-10 

300 

Ne+  + 02  ■»  0+  + 0 + Ne 

5.5 

X 10-11 

300 

Ne+  + Xe  -*•  products 

< 5 

X 10-13 

300 

Ne*  + Ar  -*•  Ar*  + 2Ne 

£ 5 

X 10-14 

200 

Ne*  + CO  -*•  C0+  + 2Ne 

5.1 

X 10-10 

200 

Ne^  + C02  * C0+  + 2Ne  + 0 

1.1 

• 10-9 

200 

Ne*  + -»  products 

1.1 

X 10-10 

200 

Ne*  + Kr  -»  Kr*  + 2Ne 

< 5 

« 10"13 

200 

Ne*  + NO  -»  N0+  + 2Ne 

7.0 

X 10-10 

200 

Net  + N2  ■>  N't  + 2Ne 

9.1 

X 10-10 

200 

Ne*  + 02  -*■  0+  + 2Ne  + 0 

7.1 

X 10-10 

200 

0*  4-  CO  -*  products 

< 5 

X 10" 13 

300 

0*  + C02  -♦  co^  + o 

9.0 

X 10-10 

300  - 870 

0+  + H2  -►  HO*  + H 

1.7 

x 10-9 

300 

o*  + h2o  -»  h2o+  + 0 

3.2 

X 10-9 

300 

0*  + NO  -*•  NO*  + 0 

1.7 

x 10'12 

0.2  - 3.5 

0*  + NO  -*  N0+  + 0 

< 8 

x 10'13 

300 

0*  + N02  -►  Not  + 0 

1.6 

X 10-9 

393 

0*  + N2  •*  NO*  + N 

1.2 

X 10-12 

300 

Table  B-l.B-1.  (Continued) 


02(a 

4n  ) + N -♦  N*  + 0 

U 2 2 2 

4.1 

X 

10-10 

0.04  - 

2.0 

0*(a 

4n  ) + o,  - o*  + o, 

u 2 2 2 

3.1 

* 

uf10 

0.05  - 

2.0 

co2  -»  o*-co.,  + 0, 

250  - 

295 

°t  + 

H2°  "*  °2  H'’°  + °2 

2.2 

10-9 

295 

He  - 0^  + 02  + He 

3.6 

x 

IO-14 

296 

N,  + He  ♦ 0*-N,  + He 

2 A 2 

1.0 

» 

io-29 

80 

°t+ 

N2°  * °2‘N2°  + 0l 

2.5 

X 

10-10 

200 

°i ♦ 

o > o2  + o3 

3 

X 

io-10 

295 

o2  - o*  ♦ o2  + o2 

1.8 

X 

10- 13 

296 

< + 

0-  + He  -»  oT  + He 

2 o 

5.0 

10- 30 

80 

ot  + 0,  ■*  O*  + 0. 

4 3 5 2 

0+  + C02  -►  0*-C0.,  6 0} 

0+  + H20  -*  ot'H^O  + 03 

°5  + °2  * °t  + °3 
S+  + co2  > 0S+  ♦ CO 

S+  + NO  •*  N0+  + S 


S + 0,  -»  OS  +0 


<1-10 


< 1 
4.2 


■11 


1.2  - 10 


10 


-12 


10 


-10 


1.6  . 10 


-11 


250  - 295 
200 
300 

250  - 295 
300 
300 
300 


Tabular  Data  B-l.B-2.  Rate  coefficient  of  ion-molecule  reactions 
(negative  ions). 


Negative 

Ions 

Rate 

Constant 

Product 

Energy 

React  Ion 

(cm  V sec ; 

cm” /sec ) 

Ratio  (%) 

(°K,  eV) 

c'  + CO  - e + CO 

4.1 

X 

10'10 

300 

C"  + CO,  -*•  e + 2C0 

4.7 

X 

io'u 

300 

C”  + H -»  e + CH, 

< 1 

X 

io'13 

300 

C + N^O  -*•  e + product  (s) 

9.0 

x 

10'10 

300 

C ♦ (>2  -*  e + product  (s) 

4.0 

x 

io'10 

<15 

300 

CN_  + H -►  e + CUN 

1.3 

X 

io'q 

296 

co”  + h ho'  + co2 

1.7 

io'10 

29b 

CO'  + H,0  + 0,  -»  C0^-H20  + 

°2  1 

X 

io'28 

296 

CO'  + NO  - N02  + C02 

1.1 

X 

io'11 

1 

vr 

o 

o 

CO"  + N02  -►  NO'  + C02 

2 

X 

io'10 

296 

co'  + N,0  COT  + N. 

J 2 4 Z 

< 5 

x 

IO'13 

298 

co'  + 0 ■>  o'  + CO, 

1.1 

« 

io'10 

300 

co"  + °2  - oj  + CO, 

< 6 

X 

io'15 

595 

CO"-H,e  + NO  -►  NO,  + C02  + 

H,0  7 

« 

IO-12 

296 

Co'-H20  + NO  -*  no'  + H O + CO  1.5 

X 

IO'10 

296 

C02‘H,0  + 02  -*•  co'  + H20  + 

0,  3.3 

io'14 

296 

COT  + H -*  co'  + HO 

4 3 

2.2 

X 

io'10 

296 

co'  + H,0  o' • H,0  + CO, 

296 

co"  + NO  -►  NO"  + CO,, 

4 3 2 

4.8 

X 

IO'11 

< 2 

300 

CO?  + 0 + co"  + 0. 

4 3 2 

1.4 

IO'10 

300 

co7  + o.  o7  + co. 

300 

co"  ♦ 0_  -♦  o"  + CO.  + 0. 

4 3 3 2 2 

1.3 

x 

io'10 

296 

c'  + CO  -»  e + CjO 

< 1 

X 

IO'12 

298 

C2  * C02  -►  e + C302 

< 5 

X 

io'1 3 

298 

c'  + H2  > C2H*  + H 

< 1 

» 

10' 13 

298 

^2  + ^2^  **  e + product(s) 

< 1 

X 

IO'12 

298 

4 


% 


Tabular  Data  B-l.B-2.  (Continued) 


Negative 

Ions 

Rate 

Constant 

Product 

Energy 

Reaction  (cmVsei 

c ; 

cmb/sec ) 

Ratio  (%) 

(°K,  eV) 

C~  + 0?  -»  e + CO,,  + C 

2.1 

X 

io"n 

296 

C,h"  + CO  -*  e + C HO 

< 1 

X 

10"12 

298 

C2H"  + CO.,  -►  e + C3H02 

< 1 

X 

io"13 

298 

C2H~  + C02  + He  -»•  C3H02  + He 

observed 

300 

C.,H~  + H_,  - e + C2H3 

1 

X 

io"13 

298 

C2H  + H20  ■*  e + products 

< 1 

X 

10"12 

298 

C2H~  + H,0  -*■  HO~  + C2H, 

9.3 

X 

10"15 

296 

C^\i  + N^O  *♦  products 

not  observed 

300 

Cl"  + H -►  e + C1H 

9.3 

x 

10"10 

0.55  - 0.2 

Cl"  + H - e + C1H 

9.6 

X 

10"10 

296 

cl"  + h2o  + o2  •*  ci"-h2o  + o2 

2 

X 

io"29 

296 

Cl"  + N -»  e + CIN 

1 1 

x 

10*U 

300 

Cl"  + NO,  - NO~  + Cl 

< 6 

X 

10"12 

300 

Cl"  + 0--*-  e + CIO 

< 1 

» 

10' 11 

300 

Cl"  + o3  -*  cio"  + o2 

< 5 

X 

1 

0 

300 

Cl'-H20  + H -*  e + C1H  + H20 

ao 

v | 

X 

10"11 

296 

ci~-h2o  + h2o  + o2  -*  ci“-2h2o  + o2 

296 

Cl“-H20  + 02  -*  Cl"  + H.,0  + 02 

4.1 

X 

10"16 

296 

Cl"-2H20  + H -*•  e + C1H  + 2H20 

< 8 

X 

io"n 

296 

Cl'-2H20  + H20  + 02  ■*  Cl"-3H,0  + Oj 

296 

ci~-2h2o  + o2  ■»  ci"-h2o  + h2o  + o2 

296 

CIO  + C02  -►  products 

< 1 

X 

0 

1 

300 

CIO"  + NO  - N0~  + Cl 

2.9 

X 

10"11 

300 

CIO"  + no2  -*  NO"  + CIO 

3.2 

X 

10"10 

300 

cm"  + o3  ci"  + 2o2 

7 

X 

10'11 

83 

300 

Cl"  + N02  > Cl"  + C1N02 

4 

X 

10"U 

280  - 500 

1402 

A 


2.9  x 10 


F + C02  + He  F -CO.,  + He 


F'  + H -<■  e + FH 

1.6 

X 

10 

F"  + NO,  -*■  no'  + F 

< 6 

X 

10‘ 

H~  + CO  -*  e + CHO 

5 

X 

10' 

H_  + H -*•  e + H2 

1.8 

X 

10‘ 

H~  + H20  ->  HO'  + H, 

3.7 

X 

10‘ 

H'  + NO  -*  e + HNO 

4.6 

X 

10' 

H ' + N02  -«■  NO'  +•  H 

2.9 

X 

10' 

H"  + N20  -»■  HO'  + N2 

1.1 

X 

10‘ 

H'  + 02  •*  e + HO, 

1.2 

X 

10‘ 

HO'  + C02  + Ar  - HO' 

•C°2 

+ 

Ar 

8.6 

X 

10‘ 

HO'  + C02  + He  * HO" 

•co2 

He 

2.5 

% 

10' 

HO'  + CO,,  + 02  -*•  HO' 

•C°2 

■f 

°2 

7.6 

* 

10' 

HO'  + H -*•  e + H,0 

1.4 

X 

10' 

ho"  + h2  -*■  h'  + h2o 

£ 5 

« 

10' 

HO'  + H20  + 02  -*■  HO' 

•H20 

+ 

°2 

2.5 

X 

10' 

HO”  + N * e + HNO 

< 1 

X 

10' 

HO'  + N02  -*  NO'  + HO 

1.1 

X 

10' 

HO"  + 0 -►  e + H02 

2 

X 

10' 

HO'  + 0^  -»  o'  + HO 

9 

X 

10' 

i"  + H * e + HI 

< 6 

X 

10' 

NO'  + CO  -*  e + CO  + 

NO 

5.0 

X 

10' 

NO-  + C02  + e + C02 

4-  NO 

m 

00 

X 

10' 

NO'  + C1H  -*•  Cl"  + HNO 

1.6 

X 

10' 

NO*  + H2  -►  e + H2  + 

NO 

2.3 

X 

10' 

NO'  + He  -*  e + He  + 

NO 

2.4 

x 

10' 

Tabular  Data  B-l.B-2.  (Continued) 


Negative  Ions 

Rate  Constant 

Product 

Energy 

Reaction 

(cmVsec;  cm^/sec) 

Ratio  (%) 

(°K,  eV) 

NO"  + NO  e + 2NO 

5.0  « 10"12 

285  - 506 

NO"  + N02  -►  NO'  + NO 

7.4  « 10"10 

285 

NO"  + N20  -►  e + NO  + N20 

-12 

5.1  x 10 

193  - 506 

NO"  + Ne  -►  e + Ne  + NO 

-14 

2.9  x 10 

285  - 506 

NO'  + 09  ■*  02  + NO 

5 x 10"10 

285 

NO"  + Cl  -v  Cl"  + NO., 

6.8  x 10"10 

280  - 500 

NO"  + H -►  e + HN02 

3.7  x 10"10 

296 

no"  + h2o  + o2  no"-h2o  + 0, 

1.6  x 10'28 

296 

N02  + N ■*  products 

< 1 x 10"U 

300 

NO"  + N02  NO"  + NO 

< 2 x io"13 

298 

no"  + n2o  -►  no"  + N, 

< 1 x io"12 

298 

N02  + 0 -►  products 

< 1 x zo"11 

300 

no"  + o3  - no"  + o2 

1.2  x io"10 

300 

NO"  + CO.,  ->•  CO"  + NO 

300 

NOj  + C02  -»  products 

not  observed 

296 

NO^  + H -►  products 

£ 5 x io"11 

296 

NO^  + N -►  products 

< 1 X io"11 

300 

no"  + NO  -*■  no"  + N02 

< 1 X io"12 

300 

no’  + 0 -►  e + N02  + 02 

< 1 X io"11 

300 

n2°"  + 02  -►  0"  + N2 

fast 

80 

0"  + CO  ■+  e + C02 

5.5  * 10"10 

0.05  - 2.7 

0"  + C02  -*  e + C03 

< 1 x 10"13 

300 

0"  + C02  + He  -*■  CO"  + He 

1.5  x io"28 

296 

o"  + co2  + o2  -»  co"  + o2 

_no 

3.1  » 10 

296 

0"  + C1H  -*  Cl"  + HO 

2.0  x io"9 

300 

0~  + H2  -►  e + H20 

6.4  x io"10 

94 

0.04  - 0.5 

1404 


Tabular  Data  B-l.B-2.  (Continued) 


Negative  Ions 

Rate  Constant 
(cra-Vsec;  cm^/sec) 


Product 
Ratio  (%) 


Energy 
(°K,  eV) 


o' 

+ HjO  - e + H,0, 

< 6 

X 

10'13 

296 

o' 

+ H,0  + 0,  -►  0_-H,0  + 0, 

1.3 

* 

10'28 

296 

o' 

+ N -*•  e + NO 

2.2 

X 

io~10 

300 

o' 

+ NO  -*  e + NO- 

2.1 

X 

10'10 

0 

.04  - 

o' 

+ no,  no"  + 0 

1.0 

X 

10-9 

300 

o' 

+ N,  -«■  e + N20 

< 1 

X 

10'12 

0. 

.04  - 

o' 

+ N,  + He  * N0~  + He 

4.0 

* 

io'31 

200 

o' 

+ N,0  -*  NO"  + NO 

2.0 

X 

10'10 

0 

.04  - 

o' 

+ 0 -»  e + 0, 

1.9 

x 

io'10 

300 

o' 

+ 0,  -*  e + 03 

<_  1 

X 

10'12 

300 

o' 

+ 0,(a  3 A ) -*•  e 0, 

2 g 3 

3 

X 

IO'10 

300 

o' 

+ o3  -*  0~  + 0 

8 

X 

IO'10 

300 

o"' 

■H^O  + H,0  -*  HO'-H^O  + HO 

2 1 

X 

10~U 

296 

o" 

■ H,0  + °2  * °3  + h2° 

2 l 

X 

io'11 

296 

°2 

+ CO,  + He  ^ CO?  + He 

2 *4 

4.7 

X 

-29 

10 

200 

°2 

+ CO,  + 02  -*  CO*  + 0, 
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INTRODUCTION 


The  actual  form  of  a nuclear  pumped  laser  is  not  yet  known,  and 
nuclear  pumping  may  become  important  in  a hybrid  laser  where  the  excita- 
tion and  ionization  produced  by  nuclear  pumping  might  be  used  to  supply 
electrons  for  an  electrical  discharge  laser,  an  initiator  for  a pulsed 
chemical  laser,  or  an  initiator  and  sustainer  for  a cw  chemical  laser. 

An  attempt  to  include,  in  detail,  the  data  relevant  to  all  these  systems 
is  beyond  the  scope  of  this  work.  However,  it  is  practical  to  include 
examples  of  the  kinetics  packages  currently  being  used  in  computer  codes 
for  these  systems. 

Chemical  laser  systems  for  HF,  DF,  and  CO;  transfer  chemical  laser 
systems  for  C^;  e-beam  sustained  CO.,  systems;  and  several  e-beam  pumped 

excimer  systems  are  included. 

Tables  B-l.C-1  through  B-l.C-11  require  some  additional  explana- 
tion. The  rates  cover  the  temperature  and  pressure  ranges  in  the  optical 
cavities  of  interest  which  are  generally  on  the  order  of  200  to  1200°K 
and  from  2 to  200  Torr.  The  rates  are  in  the  form 

k = [A  T ^ exp  (B/RT'S  ] cm*  molecule  * sec  ^ 

where  B is  in  calories  mole  ' and  M = 1 if  no  entry  appears.  Abbreviated 
chain  reaction  models  which  give  quite  good  results  can  be  obtained  from 
B-l.C-1  and  B-l.C-7  by  deleting  reactions  of  excited  H,(D.,),  chain 

branching  reactions,  and  V ->  R,T  relaxation  reactions  of  all  species 
other  than  HF/DF  and  F and  H atoms  leaving  93  reactions  for  the  F-,/H9 

chain  reaction  model  and  146  reactions  for  the  F^/D^  chain  reaction 

model.  An  even  more  abbreviated  model  which  is  useful  in  treating  systems 
in  which  precombust  ion  is  used  to  largely  dissociate  F-,  (or  NF  ) with 

H /D  ; NH  /ND  or  similar  fuels  is  given  in  B-l.C-2  and  B-l.C-8. 

2 2 x x 

Reaction  subsets  for  use  in  the  precombustor  with  cold  reaction  model 
are  also  given  in  B-l.C-6  and  B-l.C-10.  A reaction  subset  for  use  in 
pulsed  systems  where  0,  has  been  added  to  inhibit  auto-ignition  during 

mixing  of  the  reactants  is  given  in  B-l.C-5,  and  a subset  for  use  in  the 
analysis  of  H9~F?  systems  ignited  chemically  by  NO,  with  or  without  added 

HI  is  given  in  B-l.C-4,  while  the  transfer  reaction  subsets  are  given  in 
B-l.C-3  and  B-l.C-9. 

Additional  information  on  all  the  data  included  in  this  section  may 
be  obtained  from  the  references. 
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Tabular  Data  B-l.C-2.  Cold  reaction  F./H.  model  (64  reactions). 
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Tabular  Data  B-l.C-2.  Cold  reaction  F9/H?  model  (64  reactions)  (Continued). 
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Tabular  Data  B-l .02.  Cold  reaction  F JW  model  (64  reactions)  (Concluded). 


Tabular  Data  B-l.C-3.  HF/CO„  transfer  reaction  model  subset  (35  reactions). 
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Tabular  Data  B-l.C-4.  F„/NO/HI/H„  reaction  model  subset  (71  reactions). 
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F /NO/HI/H„  reaction  model  subset  (71  reactions)  (Continued). 
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Tabular  Data  B-l.C-4.  F0/N’0/HI/H0  reaction  model  subset  (71  reactions)  (Concluded). 
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Tabular  Data  B-l.C-5.  F../0-/H-  reaction  model  subset  (35  reactions)  (Concluded;. 
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reactions)  (Continued) 
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Tabular  Data  B-l.C-7.  Chain  reaction  F„/D.  model  (261  reactions)  (Continued). 
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Tabular  Data  B-l.C-7.  Chain  reaction  F„/D„  model  (261  reactions)  (Continued). 


ooooooooooooooooooooooooooooooo 
— (j'^f^niTJonnn'nnnn^  c -jo  cinj)wOinu»in»ninin 

.■Vjr\4.’^rvjrvjr\jrvic\jr\jrvj.\jcvjr\jrvjr\jrvjrvjf\jc\j'\jcvjf\jf\jf\jr\j<\jc\j<\jrvjojc%j 

l l I I I I I I l I I l l I I l I I I I I I l l I I l I l I I 

z • • • •••• 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO^r  C -J  C c v?  c r 

I I I I I ( ( ( ( 

O^*OOOI>OOOOC>OOJ'OOOOO^O0vJ‘OC>OOOO£>J'OOJ'>J's>J'>.x 

n ^ \j  -j  \j  \j  'vj  \j  m 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

jjr-  — in®‘Nj'00>a*J',>j*onnrnr)fnnnnf^fs-fvf>~f^r*'fs»r^r^if)o>j'0'vjr-  — oo 


p''f'-^r‘~fs,-fs-r^r'rw 

DOQQOOQQQOnooaOOQOOQOOOOOQQQQOO?  S > £ > > i £ F 


o — (\j  n 4 iH  o - i\j  n 4 tfl  o o - rvjn<finor^o  — r\jntfifi>0f'‘3)O  — ajn^.nor-s) 


U.U.U.U.U.U.U.U.U.U.U.Li.U.U.U.U.U.U.U.U.U.U.U.U.U.U.U.ti.U.U.U-U.U.U.li.U.U.U.U.0. 

000003300300  0 0 00000000  0 030300003  3 "50  3 3 0 30 

II  ||  II  II  II  II  M H It  II  ••  II  II  II  II  II  H II  II  II  H H II  II  II  H H H <1  II  II  H H H H II  " H H I' 


OOOOQOOOOOOOQOOOOOaOOOOOOODOOOOrlXtSSSSI 


U.U.L.Ii.U.'kU.U.U.U.ta.U.ll.b.U.L.U.b.U.U.U.L.U.te.ll.ll.U.ll.li.ll.U.U.L.U.U.U.U.b.b.U. 

ooaoooooooooooooooooooooooooooooooaoaaoo 


A 


Chain  reaction  F,/D0  model  (261  reactions)  (Continued). 
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Tabular  Data  B-l.C-7.  Chain  reaction  F_/D?  model  (261  reactions)  (Continued). 
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Tabular  Data  B-l.C-8.  Cold  reaction  F_/D«  model  (127  reactions)  (Concluded). 
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Tabular  Data  B-l.C-11.  DF/HF,  D/H  V-V  and  isotopic  exchange  reaction  model  subset  (47  reactions). 
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Tabular  Data  B-l.C-12.  Elementary  reaction  and  kinetic  data  pertinent 
to  the  O-CS2  chemical-laser  system. 


Reaction 

Heat  of  reaction.  AH”,* 
kcal/mol 

Reaction  rate  constant,  k,f 
cm  ’/mol -sec 

t. 

o+csj-»cs+so 

-22.0 

5.00X  10”exp(-l.9/RT) 

2. 

o+cs-»co*+s 

-85.0 

2.4  x 10'*  exp  (-2/R73 

3. 

s + o2  -»  so + 0 

-5.6 

1.4x  10” 

4. 

SO  + O2  SOj  + 0 

-12.8 

3.5  x 10"  exp  (-6.5/RT) 

5. 

o+cs,  — cos+s 

-31.1 

1 .0  x 1014  exp  (-8/RT) 

6 

o+cos  — co+so 

-51  4 

1.9x  10”  exp  (-4.51  RT) 

7. 

o+s2-»so+s 

-22.1 

4.0x  10” 

8 

S + CSj  -*  CS  + Sj 

+ 16 

1 .0  x 1014  exp  (-4/RT) 

9. 

o2+cs  — co+so 

-90.0 

5.5  x 10'°exp  (-2/R73 

10. 

Oj  + CS  — CPS  + O 

-390 

l.Ox  10”  exp  (-12/RT) 

11. 

Oj  + CS,  — cs  + so2 

24.0 

l.Ox  10” exp  (-43/R71 

12. 

s+cos— co+s2 

-22.0 

1.9x  10”  exp  (-4.5/R7") 

13. 

CS  + SO  — CO  + Sj 

-62.0 

l.Ox  10* 

14 

0,  + 0 — 20, 

-93.7 

3.1  x 10”  exp  (-5.7/RT-) 

15. 

0,  + S0— Oj  + SOj 

-48.8 

1.5  x 10”  exp  (-2.1  IRT) 

16. 

SO  + O -»  SOj  + hv 

4.5  x 10,o/T 

k*,(cm‘/molJ-sec) 

17. 

O + O + M-*  02  + M 

-119.1 

(4.6  x lO’VT) exp  (-0. 1 72/73 

18 

0 + S + M-»S0+M 

-124.7 

Kf  m ^17 

19. 

S + S + M-*S2  + M 

-101.7 

* kp 

20. 

CO  + O + M -*  COj  + M 

-127.2 

5 9x  10”  exp  (-4. 1/RD 

21. 

CS  + S + M — CSj  + M 

-103.3 

kai  * kjo 

22. 

CO  + S + M — COS  + M 

-73.0 

^22  * k jo 

23. 

0j  + 0 + M-»0j  + M 

-25.5 

1.7  x 10”  exp  (2.1/R73 

24 

O + SO  + M — SOj  + M 

-131.9 

9.6  x 10'*/T 

* Data  obtained  from  JANAF  Tables  of  Thermochemical  Data,”  with  the  exception  that  Okabe’s”  value 
for  AHJ  for  the  CS  was  assumed. 

' Activation  energy  E„  (kcal/mol);  the  gas  constant  R (kcal/mol-*K). 
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TNB  - Tsuchiya,  Nielsen,  and  Bauer 
PK  - Powell  and  Kelley 
D - Djeu 


Graphical  Data  B-l.C-13.  Chemical  distribution  of  CO  normalized  to 
= 1,0  versus  vibrational  level. 


Tabular  Data  B-l.C-14.  Experimental  V-+T  rates  for  CO  at  300°K.a 


M 

CO(u)+M-^CO(v-l)  + M 
v lessee-1  Torr-1) 

He 

1 

0.64  ±0.07 

9 

5.30 

j 

10 

9.19 

11 

12.0 

12 

18.7 

13 

21.9 

Ar 

1 

0.02  ±0.002 

h2 

1 

14.4±0.6 

d2 

1 

0.45±0.15 

CO 

1 

0.01 

I ° 

1 

610.b 

1 


Tabular  Data  B-l.C-15.  Experimental  V-+V  rates  for  CO-dlatomic 
molecule  collisions  at  300°K. 


AB 

CO( v)  + AB  CO (v  - 1 ) + AB* 

v k*B(sec~'  Torr'1) 

CO 

2 

6.2  ±0.4  x 104 

3 

7.3  ±0.4  x 104 

4 

7.0±0.4  x 104 

5 

5.0  ± 0.4  x 104 

6 

2.8±0.3  x 104 

7 

1.25  ±0.15  x 10'* 

8 

6.2  ± 1.0x10’ 

9 

3.8  ± 1 .0  x 103 

10 

2.4  ±0.75  x 10’ 

11 

1.5  ±0.6  x 103 

o2 

1 

2.67  ±0.46 

12 

742 

13 

1556 

n2 

1 

179  ±26 

4 

84.8 

5 

60.1 

6 

38.5 

7 

30.0 

8 

25.5 

9 

17.3 

10 

14.1 

**11 

7.8 

^ates  are  taken  from  Bronfin  and  Jeffers. 


Tabular  Data  B-l.C-16.  Experimental  V-+V  rates  for  CO-triatomic 
molecule  collisions  at  300°K. 


CCXd)  + ABC1-^— * CO(  u - 1 ) + ABC* 
ABC  v kf*c( sec  'Ton  ') 

CSj 

1 

1 .49  ± 0. 17  x 104 

SO; 

1 

1 1 .6  ± 0.2 

ocs 

1 

2.63  ±0.48  x 10' 

4 

1.59  x 10" 

5 

2.12x  10* 

6 

1 99 x 10* 

7 

1.27  x 10* 

8 

4 91 x 10' 

9 

2.51  x 70' 

1C 

1 38x  10' 

11 

1 09 x 10' 

12 

6.82x10* 

13 

3.50  x 10* 

NjO 

1 

1.51  ±0.13  x 10' 

2 

5.8  x 10* 

3 

3.0x10* 

4 

1.8  x 10* 

5 

7.8  x 10' 

6 

5.3x10’ 

7 

3.46  x 10’ 

8 

3.04  x 10’ 

9 

3.04  x 10’ 

10 

3.50  x 10' 

11 

3.82  x 10’ 

12 

3 29x  10’ 

13 

3.29  x 10' 

CO, 

1 

2.0±0. 1 x 10’ 

4 

813 

5 

601 

6 

566 

7 

537 

8 

572 

9 

742 

10 

1.17x  10’ 

11 

1.87  x 10’ 

12 

3.04  x 10' 

13 

4.24  x 10' 

*Rates  are  taken  from  Bronfin  and  Jeffers. 
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Tabular  Data  B-l.C-17.  Collision  cross  sections  for  broadening  of 
CO  V-R  optical  transitions  by  various  gases. 


CO  collision 
partner 

Cross-section" 
(cm2x  10~14) 

CO 

1.10 

He 

0.30 

At 

0.96 

h2 

0.35 

n2 

1.04 

avalues  listed  for  first  [ P ( 1 ) ] 
rotational  line;  see  D.  Williams 
for  variation  with  rotational 
quantum  number. 
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Tabular  Data  B-l.C-18.  Chemical  reactions  in  an  RI  photodissociation 
laser  . 


Reactants 

Products 

\ sec/ 

R =CF, 

Xj 

II 

O 

-4 

I*  + Rl 

I + RI 

5.4E-17 

8.0E-  18 

I*  + R 

I + R 

3.7E-18 

I*  + Rj 

I + R; 

4.7E-  16 

I*  + 0, 

1 + 0; 

8.6E-  12 

I*+J; 

I + h 

1.3E  — 14e'6,0T 
3.2E-12 

R + R 

R; 

1.5E-11 

l.OE-11 

I + R 

Rl 

5.0E-  11 

I*  + R 

RI 

3.0E-12 

R + RI 

R;  + I 

3.0E-16 

I*  + RI 

I;+R 

2.5E-19 

R + I; 

RI  + I 

4.0E-  12 

I + RI 

I;  + R 

1.6E-23 

2I  + M 

Ij  + M 

4.3E-34 

2I  + RI 

I2  + RI 

7.0E  - 34e1'’00'1 
1.5E-31 

2.1E-33e'“°'T 

4.5E-31 

21  + He 

I:  + He 

8 21E-29T"  1 
4.6E-33 

21  + h 

21; 

1.1E-15T  ” 
2.9E-30 

21+0; 

I;  + 0; 

3.7E-32 

21 +R; 

I;  + R; 

5.8E-32 

I*  + 1 + M 

Ij  + M 

4.3E-34 

I*  + I + RI 

I;  + RI 

4.3E-34 

1.6E-33 

I*  + 1 + He 

Ij  + He 

9.4E-34 

2.2E-33 

l*  + l + l; 

21, 

4.3E-32 

aUnless  otherwise  mentioned,  rate  constants  are  given  at  300°K.  The 
data  are  taken  from  K.  Hohla  and  K.  L.  Kompa. 


Tabular  Data  B-l.C-19.  Broadening  coefficients  ft  and  rate  coefficients 

, c . * M 

for  collisional  deactivation  of  I , tolerable  pressures  at  which 
the  deactivation  reaches  10%  in  lOpsec,  and  cross  sections  a. 


M 

/WIO1’,  cm'1  Torr"' 

Reference 

Icm/10  cm’/sec  Pu>  Torr 

<7/10 
for  Pt o 

19 

cm 

for  700  Torr 

He 

3.1 

41 

002 

170,000 

4.6 

Ar 

3.8 

41 

3.8 

3.6 

44 

4.0 

4.1 

45 

3.5 

3.55 

38 

0.02 

170.000 

4,0 

N, 

5.1 

38 

2 

1,700 

1.15 

2.8 

CO 

6.3 

38 

12 

280 

5.7 

CO; 

7.0 

38 

1.5 

2,200 

0 65 

2.0 

7.3 

38 

4.6 

700 

1.95 

SF<, 

5.0 

38 

0 24 

14,000 

2.9 

CFjCIj 

11.3 

38 

25 

135 

6.6 

CF,I 

8.7 

38 

2.2 

1,500 

0.77 

1.64 

0.65 

i-C,F,I 

15.5 

38 

8.0 

420 

1.5 

CFiBr 

5.4 

38 

— * 

(600)“ 

3.1 

(CFdjCO 

\4.4 

38 

(350)“ 

2.0 

I,  I* 

12.5 

38 

^onexponent ial  decay  is  found  with  CF^I.  The  data  are  taken  from 
K.  Hohla  and  K.  L.  Kompa. 
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Tabular  Data  B-l.C-20.  Reaction  rates  for  transfer  chemical  lasers. 
Some  Experimental  Values  at  300°K  for  Rate  Constants  for  Reactions 


HX(t’  = 

1)  + C02(00°0)  i==s 

HX(t) 

= 0)  + C02(00°1) 

HX(t  = 

1)  + C02(00°0) 

HX(t) 

= 0)  + C02(00°0) 

Rate  constants. 

System 

sec  1 Torr  1 

Z“ 

A E,,  cm  1 

HCI-CO; 

k,  =8.7x  104 

87 

537 

DCl-CO: 

k.  = 2.9x  10" 

262 

-258 

HBr-CO: 

k,  = 2.8x  10' 

26 

209 

DBr-CO; 

k,  =7.0x  10J 

10,400 

-540 

HI-CO, 

k,  = 1.3x  10' 

57- 

-116 

HF-CO: 

k.  + ku  = 7. Ox  104 

1 18 

1612 

HF-CO. 

k,  + k|2  = 3.6x  104 

230 

1612 

hf-co2 

k,  + ki2  = 5.9  x 104 

140 

1612 

DF-CO: 

k,  + k,  , = 2.4  x 10' 

34 

558 

DF-CO: 

k,  + ki:=  1.5x10' 

54 

558 

* Approximate  number  of  collisions  for  vibrational-energy  transfer. 
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Tabular  Data  B-l.C-21.  Reaction  rates  for  transfer  chemical  lasers. 


Some  Experimental  Values  for  the  Rate  Constants  for 

Reaction 

C02(00°l)  + HX(u  = 0)  CO2(mn'0)  + HX(u  = 0) 

300°K 


System 

Rate  constant, 
sec-1  Torr-1 

Za 

hci-co2 

k2X  =4.1  x 103 

1900 

DC1-C02 

Jc2i  < 4.4  x 103 

>1700 

HBr-C02 

k2X  < 2.4  x 103 

>3000 

DBr-C02 

k2i  < 1.1  x 103 

>6500 

hi-co2 

k2]  < 2.3  x 103 

>3200 

di-co2 

k2X  < 1 .2  x 103 

>6100 

hf-co2 

k2x  = 5.3  x 104 

160 

hf-co2 

lc2i  = 4.7  x 104 

180 

(HF-CO,)'’ 

(k2)  = 2.2  x 104)6 

350fc 

hf-co2 

k2l  = 3.4  x 104 

250 

df-co2 

k2,  =2.3x  104 

360 

(DF-C02)b 

(k21  = 1.9  x 104)b 

440b 

df-co2 

k2i  = 2.6  x 104 

320 

" Approximate  number  of  collisions  for  vibrational  deactivation. 
b At  T = 350°K. 


HCI(v- n)  ♦ CO.  (00°0) 


HCl(v:n- 1 ) ♦ CO, (00°  1) 


Theory 


Experiment 


VIBRATIONAL  QUANTUM  NUMBER,  n 


Graphical  Data  B-l.C-23.  Comparison  between  measured  probabilities 
for  energy  transfer  between  HCi’  and  CO^  and  the  theory  of  Dillon 
and  Stephenson. 


HX(u « I)  ♦ CO*  ( O 0*0)  — > H X (V  « 0) . C 02(00»l ) 


DF  - CO, 


HCI'CO. 


t s 


HF-CO, 


» DCI-CO. 


200  30C  400  500  600  700  800 


TEMPERATURE  CK) 


Comparison  of  the  temperature  dependences  of  the  V+V,R  transfer  probabilities 
for  the  HCf-CO^,  DC£-C02>  HF-CO^,  and  DF-C02  systems:  A,  HCC-C0o,  Stephenson 

et  al.;  A,  DC£-C02,  Stephenson  et  al.;0,  HC£-C02,  Dillon  and  Stephenson; 

a,  HF-CO 2>  Stephens  and  Cool;  o,  HF-C02>  Cool;  HF-CO^ , theory  of  Dillon  and 

Stephenson;  ■ , DF-C02,  Stephens  and  Cool;*,  DF-C02,  Cool;*,  DF-C02>  theory 

of  Dillon  and  Stephenson. 


Graphical  Data  B-l.C-24.  Temperature  dependences  of  V->V,R  transfer 
rates  for  transfer  chemical  lasers. 


N,  CO  CO,  laser  system 


Graphical  Data  B-l.C-26.  Energy  levels  for  three  vibrational  modes  in 
the  CO,,  molecule  with  those  for  N.,  and  CO. 


Tabular  Data  B-l.C-27.  Molecular  energy  exchange  processes. 


R *(9 

C h«  rii  te  rt  ati< 

l*roi  m 

C oniUnl 

T i me 

) • 1 
cm  icc 

• tm  arc 

CO,  too  1 

• M 

i 

-(  Oi  <0  3*01 

• M 

» 

l‘«l| 

Tdl, 

co2i'ii  *o» 

• M 

1 

— C02  <000l 

« M 

I 

kdi, 

ro;  <<u0o> 

♦ C.Oj  (OoO) 

— C.O,  <01  'oi  ♦ COjlOl  1 0> 

kdJc 

Td»c 

V , III 

• C'O^  IOO0I 

- N^IO) 

♦ C02  <0011 

W 

vv 

T 

V V 

V" 

♦ CO<0) 

- N£|0! 

♦ com 

WCON 

TCO  N 

CO;  10011 

• co<o» 

-co2  looo) 

♦ com 

kcoc 

Tcoc 

e 

♦ CO(OI 

— 9 

♦ com 

hco,n 

Vo"' 

e 

• Nj  f 01 

— c 

♦ n2<h 

wN<n 

V" 

9 

. r o,  iOaiu 

• 9 

• cocoon 

W jjl) 

T J<  1 ) 

9 

• ( Oz  '000) 

- 9 

♦ co2  <01  *0| 

1^(11 

r 2<n 

Collision  partners  and  references  (for  Graphical  Data  B-l.C-28): 


M = Ar  W.  A.  Rosser,  Jr.,  A.  D.  Wood  and  E.  T.  Gerry, 

J.  Chem.  Phys.,  50,  4996  (1969). 

M = He  W.  A.  Rosser,  Jr.  and  E.  T.  Gerry,  J.  Chem. 

Phys. , 5F  2286  (1969) 

J.  C.  Stephenson,  R.  E.  Wood  and  C.  B.  Moore, 

J Chem.  Phys.,  54,  3097  (1971). 


M 

= N2 

W.  A.  Rosser,  Jr.,  A.  D.  Wood  and 
J.  Chem.  Phys.,  50,  4996  (1969). 

E.  T.  Gerry, 

M 

“ N2 

Y.  Sato  and  S.  Tsuchiya,  J.  Phys.  Soc.  Jap.,  33, 

1 120  (1972). 

M 

= °2 

W A. 
Phys. 

Rosser,  Jr.  and  E.  T.  Gerry, 

, 5_1_,  2286  (1969). 

J.  Chem. 

M 

“ C12 

W A 
Phy  s . 

Rosser,  Jr.  and  E T.  Gerry, 

, 5T,  4131  (1971) 

J.  Chem. 

M 

= NO 

W.  A. 
Phys. 

Rosser,  Jr.  and  E.  T.  Gerry, 

. 5J,,  4131  (1971). 

J.  Chem. 

M 

" H2 

W.  A. 

Rosser,  Jr.  and  E.  T.  Gerry, 

J.  Chem. 

Phys.  , 4131  (1971). 

J C.  Stephenson,  R.  E Wood  and  C B Moore. 
J.  Chem.  Phys.,  54,  30 97  (1971). 


M = H,0  D F Heller  and  C.  B.  Moore,  J.  Chem.  Phys., 

1 52,  1005  (1970) 

W A.  Rosser,  Jr.  and  E.  T.  Gerry,  J Chem. 

Phys.  , 5_1_,  2286  (1969). 

O M = HC1  J.  C.  Stephenson,  J Finzi  and  C B Moore, 

J Chem.  Phys.,  56,  5214  (1972). 

M = CO  W A.  Rosser,  Jr.,  R D.  Sharma  and  E.  T.  Gerry, 
J.  Chem.  Phys.,  54.  1196(1971). 

M = CO  Y Sato  and  S.  Tsuchiya,  J Phys.  Soc . Jap.  , 33. 

1 120  (1972). 

M = CO?  W.  A.  Rosser,  Jr.  and  E.  T.  Gerry,  J Chem. 
i Phys.  , 5_1_,  4131  (1971). 

□ M = HF  R.  S.  Chang,  R.  A.  McFarlane  and  B.  J Wolga. 

J.  Chem.  Phys.,  56.  2474  (1972). 

Q M = HF  J.  K.  Hancock  and  W.  H.  Green,  J.  Chem.  Phys., 

56,  2474  (1972). 

^ M - HF  R.  R.  Stephens  and  T A.  Cool,  J.  Chem.  Phys., 

56,  5863  (1972). 
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I 


09 


13 


.15 


.17 


II 


. Values  of  as  a function  of  temperature  for 

Hiding  molecule.  (Collision  pairs  and  refer- 
ige  1464)  . 


1463 


Collision  pairs  and  references  (For  Graphical  Data  B-l.C-29): 


(M  = Ar,  ) C.  J.  S.  M.  Simpson  and  T.  R.  D.  Chandler, 

Proc.  Roy.  Soc.  Lond.  A.  3 1 7,  265  (1970). 

(M  = Ar,  ) C.  J.  S.  M.  Simpson,  T R.  D.  Chandler  and 

A.  C.  Strawson,  J Chem.  Phys.,  5 1 , 2214  (1969) 

(M  = hL,  ) C.  J.  S.  M.  Simpson  and  T.  R.  D.  Chandler, 

Proc.  Roy.  Soc.  Lond.  A.  317,  265  (1970). 

(M  = CO.)  C.  J.  S.  M.  Simpson  and  T.  R.  D.  Chandler, 

Proc.  Roy.  Soc.  Lond.  A.  31 7,  265  (1970) 


(M  = CO,) 

C. 

J S.  M.  Simpson,  T.  R.  D 

Chandler  and 

L 

A 

C.  Strawson,  J.  Chem.  Phys 

. , 21,  2214  (1969) 

(M  = He,  ) 

C 

J.  S.  M.  Simpson  and  T.  R. 

D.  Chandler, 

Proc.  Roy.  Soc.  Lond.  A 317, 

265  (1970) 

(M  = H,,  ) 

C. 

J S.  M.  Simpson  and  T R 

D Chandler, 

c 

Proc.  Roy.  Soc.  Lond.  A.  317, 

265  (1970) 

□ 

(M  = O,  ) 

R. 

E.  Center,  J.  Chem.  Phys., 

to  be  published. 

o 

(M  = H20,  ) 

M. 

76, 

I.  Buchwald  and  S.  H Bauer 
3108  (1972). 

, J . Phy  s . Che  m. 

X 

(M  = HzO,  ) 

J.  W.  L.  Lewis  and  K.  P.  Lee, 
Am.,  ^8.  813  (1965). 

J . Acoust . Soc . 

< 
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Collision  pairs  and  references  (For  Graphical  Data  B-l.C-30): 


{ 


4 


X 

o 


(co2,  N2) 


C.  B.  Moore,  R.  E.  Wood,  B-L  Hu  and  J T 
Yardley,  J.  Chem.  Phys.,  46,  4222  (1967). 


(COz.  n2) 


Y.  Sato  and  S.  Tsuchiya,  J Phys.  See.  Jap.  , 
33,  1 120  (1972) 


(co2.  n2) 


W.  A.  Rosser,  Jr.  , A.  D.  Wood  and  E T 
Gerry,  J Chem.  Phys.,  J30,  4996  (1969) 


© 

(co2,  n2) 

R.  L.  Taylor  and  S.  A.  Bitterman,  J.  Chem. 
Phys.,  50,  1720  (1969). 

o 

(HC1,  COz) 

J.  C.  Stephenson,  J.  Finzi  and  C.  B.  Moore, 

J.  Chem.  Phys.,  5 jb,  5214  (1972). 

A 

(HF,  C02) 

J.  R.  Airey  and  I.  W.  M 
Phys.,  57,  1669  (1972). 

Smith,  J.  Chem. 

b 

(HF,  C02) 

J.  K.  Hancock  and  W H. 
Phys.,  56,  2474  (1972). 

. Green,  J.  Chem. 

(HF,  CO,) 

J.  F.  Bott  and  N.  Cohen, 

, J . Chem.  Phys . , 

Cm 

_5_8,  4539  (1973). 

(H2,HF) 

J.  K.  Hancock  and  W.  H 
Phys.,  56,  2474  (1972) 

. Green,  J.  Chem. 

(H2.  HF) 

J.  F.  Bott  and  N.  Cohen, 

, J . Chem.  Phys . , 

58,  4539  (1973). 

□ 

(co.  o2) 

Y.  Sato,  S.  Tsuchiya  and  K.  Kuratani,  J 

Chem.  Phys.,  50,  1911  (1969). 

© 

(co.o2) 

R.  E.  Center,  J.  Chem. 

Phys. , in  press. 

o 

(02.H2°(v'2 

)) 

R.  G.  Monk,  J.  Acoust. 
580  (1969). 

Soc  . Amer . , 46, 

0 

(02.  COz(v2 

)) 

R.  G.  Monk,  J.  Acoust. 
580  (1969) 

Soc . Ame r . , 46, 

A 

(°2*  COZ{v2 

)) 

H.  E.  Bass,  J.  Chem.  Phys.,  58,  4783  (1973) 

• 

(co2,n2) 

K.  Bulthuis,  J.  Chem.  Phys.,  ^8,  5786  (1973) 
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Collision  pairs  and  references  (For  Graphical  Data  B-l.C-31): 


© 

(N2>CO) 

T.  I.  McLaren  and  J.  P.  Appleton,  Int.  Shock 
Tube  Symp.  , 8th  London  1971,  27  (1971). 

o 

(N2,  CO) 

Y.  Sato,  S.  Tsuchiya  and  K.  Kuratani,  J.  Chem. 
Phys.  .50,  191  1 (1969). 

© 

(N2.  CO) 

C.  W.  vonRosenberg,  Jr.,  K.  N.  C.  Bray  and 

N H.  Pratt,  J Chem.  Phys.,  56,  3230  (1972). 

X 

(N2.  CO) 

P.  F.  Zittel  andC.  B.  Moore,  Appl.  Phys.  Lett., 
2J_,  81  (1972). 

© 

(N2.o2) 

W D.  Breshears  and  P F Bird,  J.  Chem.  Phys 
48,  4768  (1968). 

@ 

(N2.  Oz) 

D.  R White  and  R.  C.  Millikan,  AIAA  J.  , 2, 

1844  (1964). 

D R.  White,  J.  Chem.  Phys.,  49,  5472(1968). 

(COz,  CO) 

W A.  Rosser,  Jr.,  R.  D Sharma  and  E.  T 

Gerry,  J Chem.  Phys.,  J54,  1196(1971) 

- • — 

(CO,.  CO) 

J.  C.  Stephenson  and  C.  B.  Moore,  J.  Chem. 
Phys.  , 56,  1295  (1972). 

© 

(C02.  CO) 

Y.  Sato  and  S Tsuchiya,  J Phys.  Soc . Jap.,  33, 

1 120  (1972). 

© 

(C02>  CO) 

D.  J Seery,  J.  Chem.  Phys.,  56,  631  (1972). 

□ 

(N2,  CO) 

J.  C.  Stephenson,  Appl.  Phys.  Lett.,  576  (1973) 

• 

(N2.  CO) 

D.  F.  Starr,  J.  K.  Hancock  and  W.  H.  Green 

J.  Chem.  Phys.  6J_  (1974)  (to  be  published). 
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Tabular  Data  B-l.C-35.  Ionized  species  reactions  and  rate 
coefficients  for  the  CO,  electric  discharge  laser. 


A.  Ionization  Reactions 


Rate  Coefficient 


A 1 C02(000)  + e£B 


C°2  + e + eEB 


6.9x  1°-7Ee23° 


A2 

C°(°)  + eEB-^  CO  +e+eEB 

4.0  x 

10  e'eb 

A3 

N2<0)  + e£B  •-  N2  + e + eEB 

3.7  x 

l0'7  eeb2 

A4 

He  + eEB  He+  + e + eEB 

6.5  x 

>»-8  ee0b2 

A5 

NO  + e — NO4  + e + e 

4.3  x 

10  & ue4'8  exp(- 15/ue) 

A6 

C02(000)  + e — - CO*  + e + e 

1.7  x 

10  ® ue^ exp(-19/u  ) 

A7 

02  + e — •-  O*  + e + e 

1 .5  x 

10  ® ue^'^  exp(-19/u  ) 

A8 

N 2 (0 ) + e — N * e + e 

7.2  x 

-4  - 1 0 

10  u exp(-25.4/u  ) 

e r ' e 

A9 

CO(O)  + e — - CO+  + e + e 

1.5  x 

10  ^ u exp(-20.3/u  ) 

e r ' e 

A 10 

°2  + eEB  ""  °2  + ® + eEB 

4.2  x 

'»-7  e'e°b2 

B.  Attachment  Reactions 

B 1 

N02  + e — - O'  + NO 

3.4  x 

10' 10  u'2-4  exp(-3.0/u  ) 

B2 

NO,  + e NO'2 

4.0  x 

10'11 

B 3 

02  + e — ► O'  + O 

2.8  x 

10  ® u exp(-13.5/u  ) 

B4 

Oj  + e — *-  O'  + 02 

4.0  x 

10'11 

B 5 

NO  + e — ► O'  + N 

3.4  x 

10  ® ue®'2  exp(- 15.2/u^) 

B6 

C02(000)  + e — *-  O'  + CO(O) 

8.4  x 

10'®  ue^"4  exp(- 1 1 .6/ue) 

’"ah 

forward  reactions  only 

Units  are  as  follows:  Rate  coefficients 

3 

, cm  -particle -sec  units;  Egg.  keV; 

ue’ 

eV;  T,  °K;  R.  cal-mole'1  -V1. 

fu  is  the  reduced  average  electron 

energy,  i.e.,  ug  = k Te>. 
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Tabular  Data  B-l.C-35.  Ionized  species  reactions  and  rate 

kk 

coefficients  for  the  C09  electric  discharge  laser  (Continued). 


B 7 

O + e + M j — ► O”  + Mj 

1.0  x 

io"31 

B 8 

q2  + e + M2  — °'2  + M2 

1.0  x 

io'31 

B 9 

C>2  + e + » Oz  + M j 

4.2  x 

10-27  t-1  exp(-  1200/RT) 

BIO 

H20  + e — OH"  + H 

2.8  x 

10'6  u'7,2  exp( - 12.9/ u ) 

B 1 1 

HNOj  + e — *-  NO'2  + OH 

5.0  x 

io'8 

B 1 2 

HNO,  + e — ► NO"2  + H 

5.0  x 

io'8 

B 1 3 

N ,05  + e — NO"  + NOz 

5 .0  x 

ao 

i 

o 

C.  Detachment  Reactions 

Cl 

O"  + CO(O)  — ► e + CO, (020) 

5.8  x 

10-9  t-0.4 

- 10 

C2 

O"  + O — ••  e + 02 

1.9  x 

10 

-8  0 . 7 5 

C3 

O"  + NO  — - e + NO, 

1 .8  x 

10  T 

10 

04 

O'  + N — *•  e + NO 

2 .2  x 

10 

, - 10 

C5 

0'2  + O — e + O } 

3.3  x 

10 

, - 10 

Cb 

O"  + N — e + N02 

4 .0  x 

10 

, - 10 

C 7 

0-3  + O — e + 02  + 02 

1 .0  x 

10 

, - 10 

C8 

0'3  + 03  — - e + 03  03 

1 .0  x 

10 

. -9  —-0.25 

C 9 

O’  + H2  — - 1120  + e 

2.5  x 

10  T 

CIO 

OH"  + H — «-  H20  + e 

1 .8  x 

O' 

1 

o 

Cl  1 

Off  + O — ^ I102  + e 

2.0  x 

io'10 

C 1 2 

0'2  + H — - H02  + e 

1.5  x 

io*9 

D.  Charge  Transfer,  Interchange 

and  Clustering  Reactions 

D 1 

He+  + C02(000)  — *-  CO+  + O + He 

1 .2  x 

10'9 

D 2 

N2  + C02<000)  — *"  C°2  + N2(0) 

1 .0  x 

O' 

i 

O 

D3 

CO+  + C02(000)  — ► CO*  + CO(O) 

1.2  x 

o 

1 

NO 

D4 

c°2  + o2  — o*  + co2,ooo) 

1.1  X 

10'14  T exp(1800/RT) 

Tabular 

Data  B-l.C-35.  Ionized  species 

reactions 

and  rate 

**  /-  ,v 

coefficients  for  the  C09  electric  discharge  laser  (Continued) 

D5 

CO*  + NO  — ► NO*  + CO2(000) 

1.2  x 

IQ'10 

D6 

CO*  + O — ► O*  + CO(O) 

2 .6  x 

10'10 

D7 

O*  + NO  — •-  NO*  + 02 

4 .5  x 

10'10 

D8 

O*  + N — - •“  NO*  + O 

1 .8  x 

10'10 

D9 

o'  + o3  — ► o"3  + O 

5.3  x 

10'10 

DIO 

o'  + no2  no'2  + O 

1.2  x 

10'9 

Dll 

O + O,  + Mj  — *-  O 3 + M| 

3.0  x 

l0-28  t-1 

D 1 2 

O'  + NO  + M j — *-  NO'2  + M j 

3.0  x 

l0-28  T-1 

D 1 3 

O'  + 00,(000)  + M(  — ►COj  + Mj 

5.0  x 

l0-25  t-1 

D 1 4 

O + O,  + M , — O , + M , 

2 4 3 4 

2.0  x 

O 

i 

O 

D 1 5 

°*2  * °3  *”  °~3  * °2 

3.0  x 

lO'10 

D 16 

°2  * N°2  N°2  * °2 

1 .2  x 

10'9 

D 1 7 

O 2 + O + M j — »-  O 3 + M j 

3.0  x 

10'28  T' 1 

D 1 8 

0'2  + NO  + M l — *■  NO'3  + M j 

3.0  x 

10'28  T-  1 

D 1 9 

o3+o— o2  + o2 

1.0  x 

lO'10 

D20 

O'  + C02(000)  — - CO'3  + o2 

6 .0  x 

lO'10 

D21 

0"3  + NO  — •-  NO'  + o 

1 .0  x 

10’  1 1 

D22 

o'  + no2  — ► NO'3  + o2 

2.8  x 

10-10 

D23 

CO'3  + O — ► 0'2  + CO.,  (020) 

8.0  x 

10'11 

D24 

CO'3  + NO  — ► NO",  + COa(020) 

1 .8  x 

10-11 

D25 

CO'3  + N02  ► NO'3  + C02(000) 

2.0  x 

10-10 

D26 

NO"2  + no3  — •»  NO'3  + NOz 

3.0  x 

10-10 

D27 

NO'2  + o3  — ► NO'3  + o2 

1 .8  x 

10*11 

D28 

2 2 1 4 1 

2.0  x 

,0-27  t-1^ 
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Tabular  Data  B-l.C-35.  Ionized  species  reactions  and  rate 

coefficients  for  the  CO.,  electric  discharge  laser  (Continued). 


D29 
D 30 
D31 
D32 
D 3 3 
D 34 
D35 
D 36 
D 3 7 
D 38 
D 3 9 
D40 
D4  1 
D4  2 
D4  3 
D44 
D45 
D46 
D4  7 
D4  8 
D4  9 
DSO 
D51 
D52 
D53 


o2  + C02(000)  + m3  — - co'4  + m3 

O'  + O — - O'  + O, 

4 1 2 

O"  + C°2(000)  — - C°4  + °2 

0'4  + NO ► NO'3  + 02 

CO'  + O — •-  CO"  + O- 
4 3 2 

co'4  + NO  — ► no"3  + C02(000) 

CO"4  + 03  — 0'3  + CO2(000)  + o2 
CO*  + H — •-  HCO+  + O 
CO*  + H2  — - HCO*  + H 

CO*  + H20  ►HCO+2  + OH 

HCO*  + NO  — - NO+  + CHO 
HCO*  + H20  — •-  H30+  + CO(l) 

HCO+,  + CO(O)  ► HCO+  + C02(020) 

HCO*  + H20  — - H30+  + C02(020) 

O"  + H ,0  — ^Olf  + OH 
O'  + HN03  — •-  NO'3  + OH 
oir  +no2  —►no;  +OH 
0"2  + OH  — «-  Oif  + 02 
o',  + hno3  — ►-  NO'3  + ho2 
0'3  + H — Oif  + o2 
NO‘2  + H — Oif  + NO 

no'2  + hno3  — ► no’3  + hno2 

CO'3  + H — ► Oif  + CO2(()00) 

CO'3  + HN03  — ► NO'3  + OH  + C02(000) 

CO'.  + H — ► CO"  + OH 
4 3 


5.2 

X 

10-29 

4.0 

X 

o 

1 

o 

4.8 

X 

o 

1 

o 

2.5 

X 

o 

1 

o 

1.5 

X 

o 

1 

o 

4.8 

X 

10-11 

1.3 

X 

o 

1 

o 

6.0 

X 

io'10 

1.4 

X 

O' 

1 

o 

1 .4 

X 

10'9 

1.2 

X 

io-10 

3.0 

X 

o 

1 

vO 

3.0 

X 

10‘9 

3.0 

X 

o 

1 

1.4 

X 

cr 

1 

o 

4 

3.0 

X 

o 

1 

vO 

1.9 

X 

10'9 

6.0 

X 

io'10 

2.8 

X 

10'9 

8.4 

X 

o 

1 

o 

3.7 

X 

o 

1 

o 

1.6 

X 

10'9 

1.7 

X 

io-10 

8.0 

X 

io-10 

2.2 

X 

o 

1 

o 
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Tabular  Data  B-l.C-35.  Ionized  species  reactions  and  rate 

kk 

coefficients  for  the  CO.  electric  discharge  laser  (Continued) 


E.  Recombination  Reactions 


El 

E2 

E3* 

** 

E3 

E4 
E5 
Efe 
E7 
E8 
E9 
E10 
El  1 
E 1 2 
E 1 3 
E 14 
E 1 5 
E 1 6 
E 1 7 
E 1 8 
E 1 9 
E20 
E2  1 


CO+  + e 

O 2 + e - 

NO+  + e — - 
NO+  + e — •- 

C02  + O'  - 
CO+  + CO‘3 
CO+,  + NO"2 

co2  + NO*3 

°+2  + °2  — 

°2  + C°3  - 

°2  + N°2  - 

°2  + N°3  - 
NO+  + O'  — 


not  + co; 


NO  + NO, 


NOt  + NO'3 

c°z + °;  - 
co2  +co'4 

°2 4 °;  — 

°2  * CO'4  - 
NO+  + O'  — 


NOT  + CO, 


— CO(l)  + o 
0 + 0 

► N + O 

- NO 


coo)  + o2  + O 

•-  C02(020)  +0  + C02(020) 

- coo) + o + no2 

- CO(l)  + O + NO. 


■ o2  +0+0 

- 02  + O + CO, (020) 
*■  o + O + NO, 


O + O + NO. 


N +0+0. 


N0+0  + C02(020) 
N + O + NO, 


N + O + NO. 


CO2(020)  + Oz  + Oz 
*-CO  (020)  + CO  (020)  + 0 . 


°2  + °2  + °2 
Oz  + CO2(020)  + Oz 

NO  + °2  + °2 
— *-  NO  + C02(020)  + Oz 


2.0 

X 

10'3 

6.0 

X 

10'7 

1.2 

X 

o 

1 

o 

3.0 

X 

10-4 

6.0 

X 

10'7 

5.0 

X 

10'7 

6.0 

X 

10r? 

5.0 

X 

10"7 

4.0 

X 

10'7 

3.0 

X 

10'7 

4.0 

X 

10"7 

1.3 

X 

10'7 

6.0 

X 

10'7 

6.0 

X 

10'7 

5.0 

X 

10'7 

8.0 

X 

10'7 

5.0 

X 

10'7 

5.0 

X 

10'7 

3.0 

X 

10'7 

3.0 

X 

10'7 

6.0 

X 

10'7 

6.0 

X 

10'7 

1.0  -0.5 

U 

e 

1.5  -0.5 

u 

e 

>.5  -0.5 

u 

e 

1.0  -0.5 

u 

e 


Dry 
Moi  st 
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Tabular  Data  B-l.C-35.  Ionized  species  reactions  and  rate 
* * 

coefficients  for  the  CO  electric  discharge  laser  (Concluded), 


HCO  + e — ► H + CO(l) 
HCO+2  + e — *-  H + C02(020) 


H3Ot  + e - 

hco+  + o; 


H + H + OH 


CO(l)  + H + O. 


HCO+  + CO'  — ► CO(l)  +C02(020)  +OH  3.0  x 10' 

HCO+  + CO^  — ^ CO(l) +C02(020) + H02  3.0  x 

HC02  + 02  — ► C02(020)  + H + Oz  1.2  x 

HC02+C0'3 — ^C02(020)  +CO2(020)  + OH  1 .0  x 

HC02  + CO*4  — C02(020)  + CO2(020)  + HOz  1.0  x 


h3o  + o"2  - 
h3o+  + co'3 


h2o  + h + o2 

H20  + C02(020)  + OH 


H30+  + CO'4  — H20  + C02(020)  + ho2 


H3Ot  + NO‘3 
h3o+  + NO‘2 


h2o  + no2  + OH 
H20  + N02  + H 


1.0  x 10'5  T'1  u'0,5 

e 

4.0  x 10"5  T_1  u;°*5 

4.0  x 10~6  T‘°'5  u-°-5 

e 

3.0  x 10'7 


3.0  x 10' 


1.2  x 10 


1.0  x 10 


2.4  x 10' 


2.4  x 10 


2.4  x 10 


2.4  x 10 


2.4  x 10‘ 


Catalytic  Species 


= All  species 


= All  species  except  O,  02  and  Oj 


°,  °2>  °3 


% 


Tabular  Data  B-l.C-36.  Excited  species  reactions  and  rate 
coef f icientsa  for  the  CO.,  electric  discharge  laser. 


A.  Vibrational  Pumping  Reactions 


A 1 N2(0)  + e — ^ N2(l)  +■  e 


A2  CO(O)  + e — •-  CO|l)  + e 


1.6  x 10  * exp(9.1  ue) 

I4  — 

1 + 7.0  x 10  exp(9.1  u^) 

2.4  x 10  7 u9'8  exp(- 1 .31 /ue) 

1 + 5 .3 3 u exp(-  1 .3  1/u  ) 
e e 


A3  C02(000)  + e — ^ CO2(001)  + e 


7.9  x 10  7 exp(-0.38/ue) 


A 4 C02(000)  + e — .-CO^OlOl+e 


2.0  x 10'8  u 


B . Electronic  Pumping  and  De  - Excitation  Reactions 


B 1 CO(0)  + e 


B 2 CO  + M, 


CO  + e 
CO(0)  + M. 


B 3 CO  +CO2(000)  — - CO(0)  + O + CO(0) 
B4  N2(0)  + e ►N*  + e 


B 5 N2  +Mj 


■N,(0)  + Mj 


B6  N2  + C02(000)  — ► N2(0)  + O + CO(0) 

B 7 N * + C02(000)  — •-  N + NO  + CO(0) 

B8  C02(000)  + e — - CO*  + e 


B9  C02  + M t 


CO2(000)  + M j 


5.3 

X 

10'9  u1 

1.0 

X 

IQ'11 

1.0 

X 

IQ'10 

1.3 

X 

10'5  u 

1 .0 

X 

10-11 

1.0 

X 

10'  1 1 

1 .0 

X 

10'10 

2.5 

X 

10'9  u 

1.0 

X 

io'n 

1 .0 

X 

10'10 

B10  C02+C02(000)  — ^ C02(000) +0 +CO(0)  1.0x10 

" 3 

aUmts  are  as  follows;  Rate  coefficients,  cm  -particle - s ec  units;  ue>  eV; 

T,  °K;  R,  cal-mole'*  °K"  . 

bAll  reversible  reactions;  kr  = kf/K.  For  the  vibrational  pumping  reactions, 
K is  the  equilibrium  coefficient  for  the  essentially  thermo -neutral  forward 
reaction  involving  hot  electrons. 

All  forward  reactions  only. 


Tabular  Data  B-l.C-36.  Excited  species  reactions  and  rate 

coefficients3  for  the  CO,,  electric  discharge  laser  (Continued). 


C. 


Vibrational  Relaxation  Reactions 


a 


Cl  COa(110)  + CC>2(000)  — »CO2(100)  + CO2(010) 

C2  C02(030)  + C02(000)  — - CO2<100)  + CO2(010) 

C 3 C02(030)  + C02(000)  — -CC>2(020)  + CC>2(010) 

C4  CO2(100)  + C02(000)  — - CO2(010)  + C02(010) 

C 5 CC>2  (020)  + C02(000)  — .-CO^OIO)  + CO2<010) 

C6  C02(001)+M5 — ^CO2(110)+M5 

C7  C02(001)+M8  — ^CO2(110)+M8 

C8  CO-,1001)  + — - C02(030)  + Ms 

C9  C02(001)+Mg — ~C02(030)+Mp 
CIO  CO2(110)+Mh  — — CC>2  (0  30)  + 

Cl  I CO2(110)  + Mg  •—  COZ<020)  + Mfe 
C 1 2 CO2(110)+M6  — -C02(020)+M6 

C 1 3 C02(1 10)  + ► CO2(100)  + M( 

C 14  CO2(030)  + M6  — C02(020)  + 

C 1 5 C02(030)  + Mfe  — ~CO2(100)+M6 

C 16  C02(100)  + — •-  C02(020)  + 

C 1 7 CO2(100)+M? — ►CO2(010)+M? 

C 1 8 CC>2 (100)  + He  — •- CO2(0  10)  + He 
C 1 9 CO2(100)  + CO(0)  — *-  CO2(010)  + CO(0) 

C20  C02(020)  + M? — ^CO2(0  10)+M? 

C 2 1 C02(020)  + He — -CC>2(010)+He 

C22  CO2(020)  + CO(0)  — - CC>2(101)  + CO(0) 


1 .25  > 

: 10-13T°-? 

> 

1 .8  x 

10*15 

T°-5 

3.1  x 

10'13 

t0.5 

4.0  x 

io*13 

1 .4  x 

10'12 

t0.5 

1.1  X 

10'27 

t4.8 

exp(  14  84 /RT) 

1 .9  x 

10-31 

t5.8 

exp(2436/RT) 

8.1  x 

io"31 

t5.6 

exp(  14  84/RT) 

1.4  x 

10-34 

t6.6 

exp(24  36  /RT) 

4.3  x 

10-17 

t1.5 

4.5  x 

10-27 

T4-2 

exp(-903/RT) 

8.8  x 

io-20 

T2-5 

exp(-44  10  'RT) 

8.6  x 

io-24 

t3.8 

exp(-549/RT) 

9.3  x 

10‘22 

T3-3 

exp(-  1230  RT) 

1.1  X 

io'21 

t3.0 

exp(-  1060  RT) 

8.0  x 

io-18 

T 1 .5 

5.6  x 

io-22 

T3-3 

exp(-  14  80/RT) 

1 .8  x 

IO"21 

o 

CO 

H 

exp(84  3/RT) 

X 

CO 

io-10 

T*  l"° 

2.1  x 

io-21 

x3.2 

exp(-  1 350/RT) 

3.8  x 

io-21 

t3.0 

exp(84  3/RT) 

1.7  x 

10'9  T’10 

a 


All  reversible  reactions. 
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Tabular  Data  B-l.C-36.  Excited  species  reactions  and  rate 

coefficients3  for  the  CO-  electric  discharge  laser  (Concluded). 


C23  CO2(010)  + M?  — — 00^(000)  + M7 

C 24  C02(010)  + He  — *■  C02<000)  + He 

C 25  CO2(010)  + CO(0)  — »-  CO, (000)  + CO(0| 

C26  C02(001)  + N2(0)  — - CO;(000)  + N 2 { 1 ) 

C27  CO2(00J)  + CO(O)  — *-  0,(000 ) + CO(l) 

C28  N2(l)  + CO(0)  — - N,(0)  + CO(l) 

C 2 9 C.O2(010)  + H20  — ^ C0,(000)  + HzO 

C 30  CO2(001)  + H2O  — •- 00,(030)  + H20 

C 3 I N2(I)  + H20 — -N,(0)+H2O 
C 32  CO(l)  + H20  — ► CO(0)  + H20 
C 3 3 CO2(010)+H2  — ^C02(000)+H2 

C 34  C02(001)  + H,  — rCO,(110)  + H2 


3.4 

X 

10-26 

9.9 

X 

10-22 

4.5 

X 

o 

I 

o 

8.3 

X 

10'12 

1 .4 

X 

10'17 

2.7 

X 

o 

1 

00 

3.2 

X 

10‘13 

4.0 

X 

o 

1 

U> 

1.1 

X 

o 

» 

o 

3.1 

X 

o 

1 

o 

3.0 

X 

io'12 

1.7 

X 

o 

1 

T4'2  exp(  1 130/RT) 

T3,0  exp(843/RT) 
T-1.0 

t-0.5 

T 1 -65 

t1.5 

exp(22.9/T1/3) 

exp(-68.9/T1/3) 

exp(-65.0/Tl/3) 


Catalytic  Species 


=■  All  species 

M,.  = All  species  except  He  and  N2 

= 1.5  He;  All  others;  1.0 

M ? = 0.5  N 2 ; CO  = He  = 0;  All  others:  1.0 
M „ = He,  2 N - 

O c. 
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Tabular  Data  B-l.C-37.  Free  radical  species  reactions  and  rate 
coefficients*’  for  the  CO  electric  discharge  laser. 


A.  Ternary  Recombination  Reactions 


Rate  Coefficients 


A 1 N+N+M9 ^N2(l)+M9 


A2  N + O + M, 


A3  O + CO(O)  + M 


A4  O + O + M, 


A5  O + 02  + M9  — 
A6  O + NO  + Mq  - 
A 7 O + NO,  + M 9 
A8  H + H + Mg  — . 
A 9 O + H + M„  — • 


A 1 0 H + OH  + M , 


All  H + 02  + M 


NO  + M 


00,(020)  + M. 


o2  + m9 
-o3  +m9 

— N02  + M 
—►  NO?  + M9 

h2  + m9 

■OH  + M„ 


- h2o  + m9 
ho2  + m9 


A 1 2 CHO  + Mg  — -CO(0)  + H + M( 


A 1 3 CH20  + Mg  — - 
A 1 4 H02  + NO  + M9 

A 1 5 OH  + NO,  — *-  H 


CO(O)  + H2  + Mg 


HN03  + M 


A 1 6 OH  + NO  — UNO, 


A 1 7 N02  + NO? 


N2°5 


10'34  exp(  1000  /RT) 
10-31  t-°-5 
10"33  exp-  (4000  7RT) 
10'30  T'1  exp- ( 340/RT) 
10'34  exp(  1 0 1 0/RT) 
10'33  exp(  1 880/RT) 
10‘32  exp(  1 000/RT) 
IQ’30  T"  1,0 


10-26  t-2.0 

10'32  exp(580/RT) 
10'10  exp(-  15000  RT) 
10‘8  exp(-  35000/RT) 


10'11  exp( - 340  RT) 


All  reversible  reactions. 

^Units  are  as  follows:  Rate  coefficients,  cm3 -particle  - sec  units;  T,  °K; 


R,  cal-mole”  * -°K"  * . 


r 


Tabular  Data  B-l.C-37.  Free  radical  species  reactions  and  rate 
coefficients1’  for  the  CO  electric  discharge  laser  (Continued). 


B.  Binary  Reactions 


N + NO  — ► N2(0)  + O 

2.7  x 

10'1 1 

N + N02  — •-  NO  + NO 

1 .4  x 

IQ'12 

N + N03  — •-  NO  + NO, 

5.7  x 

ID'13 

N + Oz  — ► NO  + O 

1.1  X 

10'14 

N + 03  — ~ NO  + 02 

5.7  x 

O 

i 

u> 

° + °3  °2  + °2 

1 .9  x 

10'1  1 

O + N02  — - 02  + NO 

1 .6  x 

10-10 

o + no3  — *-  o,  + no2 

5.7  x 

10-13 

NO  4 NO 3 — ^ NO,  + NO, 

8.7  x 

10-12 

NO  + 03  — » N02  + 02 

9.0  x 

10-13 

no2  + o3  — - no3  + o2 

1.2  x 

10-13 

N02  + N03  — NOz  + O,  + NO 

2 . 3 x 

10-13 

N03  4 NO,  — - NO,  + 02  + N02 

5.0  x 

10-12 

OH  + CO(O)  — •-  C02(000)  + H 

1 .1  X 

10-19 

OH  + H2  — ► H ,0  4 H 

1 .0  x 

10-17 

OH  + HNOz  — H20  + N02 

3.5  x 

m 

i 

O 

OH  4 HN03  — - H20  + N03 

3.5  x 

ro 

i 

O 

OH  + N — - NO  + H 

5.3  x 

ID'11 

- 10 

H + N02  — OH  + NO 

6 .0  x 

10 

OH  + O — *-  H + 02 

4.0  x 

10-11 

OH  + OH  — •-  H20  + O 

1.0  x 

10-11 

H + 03  — ► OH  + 02 

2 .6  x 

io-n 

- 1 z 

OH  4 03  — •-  HOz  4 02 

1 .6  x 

10 

T exp-(6300/RT) 

exp-  (4600/RT) 

T -0 .5 


exp-  (2400/RT) 
exp-(4900  RT) 
exp-(3200  RT) 
exp-(6000  RT) 

T2  exp(  1 600  RT) 
T2  exp( -2900  RT) 
exp(  -600/RT) 
exp(  -600/RT) 

exp(  - 1500/RT) 

exp(  - 1 100  'RT) 

exp(-2000/RT) 


/»* 


Tabular  Data  B-l.C-37.  1’ree  radical  species  reactions  and  rate 


coefficients^  for  the  CO,,  electric  discharge  laser 

(Concluded) . 

B24 

o + n^o5  — *■  no2  + no2  + o2 

1.0  x 

10'14 

B25 

HO,  + H — •-  OH  + OH 

4.2  x 

10-10 

exp(  - 1 900/RT) 

B 26 

H02  + H — ► H2  + 02 

4.2  x 

10'1  1 

exp(  - 700/RT) 

B27 

H02  + NO  — •-  N02  + OH 

2.0  x 

10'13 

B28 

HO,  + O — ► OH  + O, 

C t_ 

8.0  x 

10"1  1 

exp(-  1000  /RT) 

B 2 9 

HO,  + OH  — H20  + O, 

8.3  x 

10'1  1 

exp(-  1000/RT) 

B 30 

HO,  + O^  — •-  OH  + 02  + 02 

1 .0  x 

10-13 

exp(- 2500  /RT) 

B 3 1 

CH  ,0  + H — - CHO  + H, 

2.2  x 

io'n 

exp, -3800  RT> 

B 32 

CH20  + O — ► CHO  + OH 

1 .6  x 

10'13 

B 33 

CH,0  + OH  — •-  CHO  + H.O 

9.0  x 

10-13 

t0.5 

B 34 

CHO  + O — r-  CO(O)  + OH 

2.1  x 

10-10 

B 35 

CHO  + OH  — - CO(O)  + H ,0 

2.1  x 

10-10 

B 36 

CHO  + O,  — *-  CO(0)  + HO, 

00 

C»J 

X 

10' 1 1 

exp(-  1600/RT) 

Catalytic  Species 

s 2 CO,,  He;  All  others;  1.0 

M[0  = 3 C.02,  1.5  CO;  20  02;  All  others; 

1.0 
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Tabular  Data  B-l.C-38.  Dominant  formation  kinetics  for  ArF  . 


c + Ar  — Ar*  + e + es 

es  + F2  — • F"  + F 5 x 10*9  cm3/ sec* 

F"  + Ar*  + (AO  ArF*  + (Af) 

High  pressure 

Ar*+  2Ar  — Ar2  + Ar  2.  5 x 10‘31  cm6/secb 
Ar2  + F"  — ArF*  + Ar 


*Hao-Lin  Chen,  R.E.  Center,  Daniel  W.  Trainor,  andW.I. 

Fyfe,  Ap;  \ Phys.  Lett.  30,  99  (1977). 
bE.W.  McDaniel,  V.  Cermak,  A.  Dalgarno,  E.E.  Ferguson, 
and  L.  Friedman,  Ion-Molecule  Reactions  (Wiley-Intersci- 
ence,  New  York,  1970),  p.  338. 


* 

Tabular  Data  B-l.C-39.  Dominant  quenching  kinetics  of  ArF  . 


Reaction 

(Rate  constant) 
x (ArF*  lifetime) 

Rate  constant* 

ArF*  + F2 
— • Products 

7.  6 ± 0.  7 x 10‘19  cm3 

1. 9 x 10-9  crnVsec 

ArF*  + Kr  — KrF* 

+ Ar 

6. 1 ± 1. 5xl0-18  cm3 

1. 6 x 10"9  crnVsec 

ArF*  +Xe~XeF* 

+ Ar 

1.8±0.2xl0-”  cm3 

4.  5 x 10-9  cm3/ sec 

ArF*  + Ar 
— Products 

3. 6 * 1 x 10"?0  cm3 

9 x 10"”  crnVsec 

ArF*  + 2Ar 
— Ar2F*  + Ar 

1 . 6 * 0.  3 x 10"3*  cm® 

4 x 10"31  cms/sec 

•The  rate  constants  have  been  evaluated  assuming  an  ArF* 
lifetime  of  4 ns 


Tabular  Data  B-l.C-40.  Dominant  quenching  processes  of  KrF  . 


REACTION 

kTp  (KrF  " ) 

k( T R =65  nsec) 

KrF* 

* 

— PRODUCTS 

5 « 10“  18  cm3 

7 8 x 10' cm3  sec- ' 

KrF  * 

♦ 2Kr 

-^Kr^F  ♦ Kr 

IQ  6 

4 4 * 10  cm 

6 7k  10  ^ cm^  sec-^ 

KrF* 

* Kr 

— PRODUCTS 

<11  « 10  ?°<in3 

Krf  * 

• Ki  • 

Ar  jf  ♦ Ai 

A t m 39  ft 

4 ? « 10  cm 

6 5 k 10  ^ cm^  sec  ^ 

K*  \ # 

» / Ar 

— PROUIK  1 S 

- 4 ,n  40  ft 

4 b x 10  fin 

7 m 3?  6 1 

/ k 10  cm  sec 

Tabular  Data  B-l.C-41.  Dominant  XeF  quenching  processes. 
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Tabular  Data  B-l.C-43.  Rate  coefficients  for  the  Ar  - N.,  - NO  e-beam 
pumped  system. 


Reaction 


No. 

React  ion 

Rate  Coefficient 

Excitation  Reactions 

+ + 

31  6 

1 

Ar  + 2Ar  -*  Ar  + Ar 

2 

2.5x10 

cm  /sec 

+ * 

-6 

3 

2 

ArQ  +e  -4  Ar  +Ar 

1x10 

cm  /sec 

3 

♦ * 

-32 

6 

Ar  +2Ar  -»  Ar  +Ar 

2 

1x10 

cm  /sec 

4 

* * + 

-10 

3 

Ar  +Ar  Ar  +Ar+e 

5x10 

cm  /sec 

* — _ 

-9 

3 

5 

Ar  +e  -*  2Ar+e 

2 

1x10 

cm  /sec 

* * + 

-10 

3 

6 

Ar  +Ar  -»  Ar  +2Ar+e 

2 2 2 

5x10 

cm  /sec 

* 

7 

-1 

7 

Ar^  -*  2Ar+hv 

2.4x10 

s 

Transfer  Reactions 

* 

-11 

3 

8 

Ar  +N  total 

2 

3x10 

cm  ' sec 

->  N (B)  + Ar 

11  3 

9 

1 .7x1 0~ 

cm  / sec 

-12 

3 

10 

-»  N (C)+Ar 

9 

3x10 

cm  /sec 

11 

-11 

3 

->  N (E)+Ar 

2 

1x10 

cm  /sec 

♦ 

-11 

3 

12 

Ar  +N  -*  N (B)  + 2Ar 

1x10 

cm  • sec 

2 2 2 

N Triplet  Reactions 

2 

N (E)+Ar  ->  N (C )*Ar 

-12 

3 

13 

3x10 

cm  /sec 

2 2 

+ 7 -1 

14 

N (C)  -*  N (B) +hv 

2.2x10 

s 

2 2 

_ ' 

11  3 , 

15 

N (C)^N  -.  N (B)  +N 

1.5x10 

cm  /sec 

2 2 2 2 

-13 

3 , 

16 

N (C)*Ar  ->  N ( B ) + Ar 

8x10 

cm  /sec 

17 

5 

-1 

N (B)  _ N (A )+hv 

1 . 1x10 

s 

2 2 

_ 

12  3 

18 

-»  N„(A)  + N 

2.0x10 

cm  /sec 

2 2 2 2 

-15 

3 , 

19 

N (B)+Ar  N (A)+Ar 

4x10 

cm  / sec 

2 2 
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NO  e-beam 


Tabular  Data  B-l.C-43.  Rate  coefficients  for  the  Ar  - N9  - 
pumped  system  (Concluded) . 


Reaction 

No.  Reaction  Rate  Coefficient 


20 

N (A)+N  (A ) -+ 

total 

-10 

1x10 

3. 

cm  /sec 

21 

2 2 

” -> 

N (E)+N 

lxlO-11 

3. 

cm  /sec 

22 

2 2 

N (C  ) +N 

1x10  11 

3. 

cm  /sec 

23 

2 2 

N (B)+N 
o o 

8xl0_11 

cn? /sec 

NO  Reactions 


24 

Ar2  +N0  _>  NO  +2Ar 

2.4xl0~ 

LO  O 

cm  / s i 

* 

-10 

3 , 

25 

Ar  +N0  ->  total 

2x10 

cm  / sec 

* 

-10 

3 

26 

Ar  +N0  _»  total 

7x10 

-11 

cm  / sec 

3 

27 

N2(B)+N0  total 

7x10 

-11 

cm  /sec 

3 . 

28 

N2(A)+N0  ->  total 

8x10 

-11 

cm  /sec 

3 

28a 

N2(A)+N0  ->  N0( A)  + N^ 

4x10 

6 

cm  /sec 

-1 

29 

N0(A ) ->  N0(X)  + hv 

4.5x10 

-15 

s 

3 , 

30 

N0(A)+Ar  -•  total 

8x10 

-10 

cm  /sec 

3 

31 

N0(A)+N0  _>  total 

2x10 

cm  /sec 

Data  taken  from  R.  M.  Hill,  R.  A.  Gutchech,  D.  L.  Huestis,  D.  Mukherjee, 
and  D.  C.  Lo rents. 
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ENERGY 


Graphical  Data  B-l.C-45.  Energy  flow  diagram  of  the  xenon-mercury 
system. 


Tabular  Data  B-l.C-46.  Reactions  and  rates  in  xenon-mercury  system 


Roue t ion  No . 

Reac t ion 

Rate  Coefficient 

i 

Xe+  + 2Xe 

Xe^  + Xe 

-31  6 , 

2.5  x 10  cm  /sec 

2 

Xe*  + e~  -* 

Xe  + Xe 

2 x 10'7  cmVsec 

3 

Xe**  + 2Xe 

Xe**  + Xe 

10"31  cm6/sec 

4 

Xe**  + Xe 

Xe*  + 2Xe 

10*1 1 cmVscc 

5 

Xe*  + 2Xe 

Xe*  + Xe 

5 x 10‘32  cm^/sec 

6 

★ 

Xe2 

2Xe  + hv  (1720  A) 

Variable 

7 

* 

Xe2  + e 

Xe*  + Xe  + e 

(a) 

8 

Xe*  + Hg 

* 

Xe  + Hg  (73S) 

,,  3„ 

Probably  fast  (5  x 10 

9 

Xe  + Hg 

* 

Xe  4 Hg  (6  P0flf2) 

★ 

10 

Xe,  + Hg 

XcHg  + Xe 

“ 

11 

Xe*  + Hg 

2Xe  + Hg  (63Po  l>2) 

Probably  fast  (*>5  x 10 

• I .b  x 10" *2  cm  /sec 

12 

2Xe  + Hg(73S)  • 

Xe*  + Hg 

13 

Hg  (73S) 

Hg  (6  P)  + hv 

8 .1 

1.2  x 10  s 1 

14 

Xe  + Hg(73S)  - 

Xe  + Hg(bJP)  + hv 

fast  (>  10  ^ cra3/sec) 

15 

Xe  + Hg(6JP)  - 

Xe  + Hg  + hv 

-14  3 

2.1x10  cm  /sec 

16 

Xe-Hg* 

Xe  + Hg  + hv 

- 

17 

Xc-Hg*  + Xe  ~ 

2Xe  + Hg  (b3P) 

(n) 

18 

Hg(63PQ)  + Xe  •- 

Hg  <63P  ) + Xe 

fa) 

19 

Xe-Hg  + Hg  -* 

Hg*  * Xe 

Probably  fast 

3 , 

cm  /sec) 


cm  /sec) 


Because  the  equilibrium  constants  are  not  known,  these  rates  have  not  been  derived. 


\ / 


I 107  nm 


85  nm 


F* 

97  nm 


tXe  + Ne 


NFi  e PUMP 

\ ..  I 


ote:  Energy  input  from  the  electrons  comes  in  along  the  pump  arrows. 

The  specie  in  each  box,  plus  the  component  along  the  reaction 
arrow,  yields  the  result  in  the  next  box.  The  wavelengths  of 
the  emitting  species  are  indicated.  They  may  be  subject  to 

& 

quenching  by  NF^  or  Xe  (not  shown).  NeF  is  presumed  to  pre- 
dissociate. 

Graphical  Data  B-l.C-47.  Major  energy  flow  pathways  in  e-beam  pumped 
Ne/Xe/NF„  mixtures. 


Tabular  Data  B-l.C-48.  Major  input  chain  reactions  in  Ne/Xe/NF^ 
mixtures . 


Rate  Coefficient 


Reaction 

-3  -1 

(cm  molecule 

-i 

•ec  , 

Fluorine  Reaction* 

20. 

F*  ♦ NF  - F * ♦ NF 

3 2 2 

2.3  ♦ 0.1  x 

-10 

10 

21. 

• ♦ 

F ♦ Xe  Xe  ♦ F ♦ e 

3.1  ± 0.1  x 

-10 

10 

22. 

• a 

F ♦ 2Ne  - NeF  ♦ Ne 

< 3 x 10~35 

23. 

F -•  hv  (97  nm)  ♦ F 

~ 10* 

5 

< 3 x 10 

24. 

F * - hv  (158  nm)  ♦ F 

2 2 

2 x 107 

25. 

• • 

F ♦ Xe  -•  XeF  ♦ F 

2 

1.3  ♦ 0.2  x 

-10 

10 

26. 

a 

F ♦ NF  -•  products 

2 3 

3.8  ♦ 0.3  x 

-10 

10 

Xenon 

Ion  Reactions 

27. 

Xe  ♦ Xe  ♦ Ne  Xe^  ♦ Ne 

1.5  x lo’31 

28. 

Xe+  + F_  <+  M)  - XeF*  <♦  M) 

io'6 

29. 

♦ • 

Xe  + e - Xe  + Xe 

2 

2 X IO*7  at 

1 eV 

30. 

♦ • 

Xe_  «•  F - XeF  ♦ Xe 

2 

-6 

10 

Excited  Xenon  Reaction* 

-32 

10 

31. 

a * 

Xe  ♦*«♦»•-  Xe2  ♦ Ne 

1.6  ± 0.1  x 

32. 

Xe*  ♦ NF3  - XeF*  ♦ NF^ 

9 « IO"” 

33a. 

Xe  * ♦ NT.  - XeF*  + NF  ♦ Xe 

2 3 X 

| 

33b. 

Xe  * + NT.  - 2Xe  + F ♦ NF 

2 3 Z 

34. 

Xe  * — bv  (173  nm)  ♦ 2Xe 

2 

7 8 

10  -2  x 10 

Data  Taken  from  D.  L.  Huestis,  R.  M.  Hill,  D.  J.  Eckstrom,  M.  V.  McCusker, 
D.  C.  Lorents,  H.  H.  Nakano,  B.  E.  Perry,  J.  A.  Mangevicius,  and 
N.  E.  Schlotter. 


Tabular  Data  B-l.C-48.  Major  input  chain  reactions  in  Ne/Xe/NF^ 
mixtures  (Concluded). 


Reaction 

Neon  Ion  Reactions 


Rate  Coefficient 

-3  -1  "I  * x 

( cb>  Molecule  see  , etc.) 


1. 

Ne*  + 2Ne  - Ne  ♦ Ne 

4.6  x 10 

2. 

Ne*  * NF 

- NF  * ♦ Ne 

3 3 

-10 

5 x 10 

3. 

Ne*  ♦ Xe 

— Xe*  ♦ Ne 

-14 

< 10 

4. 

Ne*  ♦ F 

(♦  M)  - NeF*  (♦ 

M' 

-6 

10 

5. 

6. 

7. 

4 • 

Ne  ♦ e - Ne  4 Ne 

2 

Ne  * ♦ NF  - NF  + + 2Ne 

2 3 j 

Ne  ♦ Xe  — Xe  * 2Ne 

4 x 10"8  et  1 eV 

-10 

5 x 10 

-13 

< 10 

8. 

Ne  * ♦ F 
2 

“ - NeF*  4 Ne 

-6 

10 

Excited  Neon  Reactions 

-34 

5 x 10 

-34 

4.1  4 0.4  x 10 

9. 

• * XI 

Ne  * 2Ne  - Ne?  ♦ Ne 

-34 

5.4  x 10 

10. 

Ne*  •*  NF3  - NeF  ♦ NF2 

1.05  4 0.05  x 10 

-11 

7.8  x 10 

11. 

Ne*  ♦ Xe  - Xe  ♦ Ne  ♦ e 

-11 

7 x 10 

-11 

7.5  4 1.0  x 10 

-11 

7.4  x 10 

12a. 

N*2‘  * 

NF3  - NeF*  4 NF2 

4 Ne 

1 -11 

5 x 10 

12b. 

13. 

14. 

N'2‘  * 

a 

Ne_  ♦ 

2 

N*2*  - 

NF  - Ne  F*  ♦ NF, 
3 2 

♦ 

Xe  — Xe  ♦ 2Ne  ♦ 

hv  (85  am)  . 2Ne 

2 

e 

-11 

7.5  x 10 

5 8 

2 x 10  -3  x 10 

Neon 

Fluoride 

Reactions 

15. 

NeF*  - 

hv  (107  ne)  4 Ne 

4 F 

8 

4.2  x 10 

16. 

• 

NeF  - 

Ne  4 F* 

9 

2 x 10 

17, 

• 

NeF  ♦ 

NF^  -•  products 

-10 

10 

18. 

NeF*  ♦ 

4 - 

Xe  - Xe  ♦ F 4 

Ne 

-10 

10 

19 

• 

NeF  4 

2Ne  - Ne  F*  4 Ne 

2 

-31 

10 
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Tabular  Data  B-l.C-49.  Argon/krypton  ion  chemistry.  (Assuming  1500 


Torr  argon,  50  Torr  krypton, 

so14  “3s 

10  cm  ) . 

and  an  ion  density  of 

approximately 

Characteristic 

Reaction 

Rate 

T ime 

Ref, 

1 

+ 

Ar  + 2Ar-*Ar  +Ar 

-31  6 , 

2.  3x1 0 cm  /sec 

2 ns 

A 

2 

+ + 

Ar  + Kr  - Kr  + 2Ar 

-10  3 . 

7.5x10  cm  /sec 

1 ns 

B 

3 

? + 

Ar  + Kr  - Kr  + Ar 

-11  3, 

~ 5x10  cm  /sec 

13  ns 

C 

4 

+ + 

Kr  + 2Ar  - ArKr  + Ar 

-31  6 . 

2.3x10  cm  /sec 

2 ns 

D 

5 

4-  4- 

Kr  + Kr  + Ar  — ArKr  + Ar 

-31  C . 

2.3x10  cm  /sec 

67  ns 

D 

6 

4-  4 

Kr  +Kr  +Ar“*  Kr  + Ar 

2 

-31  6 , 

2.3x10  cni  /sec 

67  ns 

D 

7 

4-  4- 

Ar  4-  K r ArKr  4- Ar 

-10  6. 

2x10  cm  /sec 

3 ns 

E 

8 

2 + + 

ArKr  +Kr“*Kr  + Ar 

+ * L 

Ar  + e -•  Ar  + Ar 

o 

-10  3 , 

3.2x10  cm  /sec 

2 ns 

B 

9 

-7  3 

6.7x10  cm  /sec 

15  ns 

F 

10 

2 + * 

ArKr  + e - Kr  + Ar 

~6  3 

10  ’ cm  /sec  (?) 

10  ns 

G 

11 

+ * 

Kr  + e — Kr  + Ar 

-6  3 . 

1.2x10  cm  /sec 

9 ns 

F 

12 

l + 

Ar  +Kr+Ar-*ArKr  + Ar 

-31  6 . 

2.3x10  cm  /sec 

67  ns 

D 

Refe  rences 

A 

VV.  F.  Liu  and  D.  C.  Conway,  J. 

Chem.  Phys.  62,  3070  (1975). 

B 

D.  K.  Bohme,  N.  G.  Adams,  M. 

Moseman,  D.  B.  Dunkin, 

and  E.  E.  Ferguson, 

J.  Chem.  Phys.  52,  509}  (1970). 


C Estimate.  This  is  a non-resonant  charge  transfer  and  should  have  a small  rate 
constant. 

D Estimate  based  on  the  measured  value  of  reference  A, 

■4* 

E Estimate  based  on  Kr  + Xe  data  of  P.  Kebarle,  R.  M.  Haynes,  and  S.  K.  Searles, 
J.  Chem.  Phys.  42,  1084  (1967). 

F H.  J.  Oskam  and  J.  R.  Mlttelstadt,  Phys.  Rev.  132,  1445  (1963). 

G Estimate  based  on  reference  F. 
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Data  Needed:  In  general,  there  still  exists  a 1 . ek  oi  knowledge  con- 
cerning the  excitation  state  of  reaction  products. 

Exp  1 ana t ion  of  Table 

The  data  presented  in  the  following  table  and  its  associated  graphs 
have  been  taken  for  the  most  part  from  data  reported  in  1977  and  1978. 

This  data  table  constitutes  an  update  and  continuation  of  Section  B- I 
(Vol.  I)  of  Technical  Report  H-78-1  ("Compilation  of  Data  Relevant  to 
Rare  Gas-Rare  Gas  and  Rare  Gas-Monohalide  Excimer  Lasers,"  US  Army  Missile 
Command,  Redstone  Arsenal,  Alabama,  December  1977).  This  table  contains 
data  for  both  two-  and  three-bodv  reactions.  The  general  ordering  of 
the  reactions  is  two-body  noble-noble,  three-body  noble-noble,  two— body 
noble-halogen,  three-body  noble-halogen,  two-bodv  halogen-halogen,  and 
three-body  halogen-halogen.  Both  noble  gases  and  halogens  are  listed 
in  order  from  least  massive  to  most  massive. 

The  energy  range  c 'v.  red  in  this  table  is  from  thermal  to  approx- 
imately 10  eV,  with  a i.  exceptions  where  graphical  data  were  available 
both  below  and  above  10  eY  id  there  was  no  reason  not  to  present  the 
entire  graph.  In  some  case  the  temperature  at  which  a reaction  rati 
was  measured  was  not  found  in  the  reference,  but  the  temperature  was 
assumed  to  be  300°K.  In  these  cases,  the  superscript  "a"  appears  to  the 
right  of  the  reaction  temperature.  Toward  the  right  side  of  this  table, 
there  is  a list  of  cross  sections,  reaction  rates,  or  (if  data  are  avail- 
able over  an  extended  energy  range)  a graph  number.  These  graphs  can  be 
found  immediately  following  this  table. 
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Introduction 

This  section  is  concerned  with  charge  changing,  ionizing,  and 
excitation  collisions  when  fast  (Energy  > 1 keV)  heavy  projectiles 
traverse  a gas.  The  data  are  in  the  form  of  cross  sections;  the  behav- 
iour in  'thick1'  (high  density)  gas  targets  is  considered  elsewhere 
(Chapter  G) . The  projectiles  included  here  are  positive  ions  and  atoms 
of  hydrogen  and  helium  as  well  as  of  elements  whose  nuclear  charge  lies 
between  32  and  65  (fission  fragments);  these  are  considered  to  be  the 
projectiles  of  interest  in  nuclear  pumped  laser  mechanisms.  For  many 
mechanisms  the  data  coverage  for  the  more  massive  projectiles  (32  _<  Z 
65)  is  very  limited  and  sometimes  representative  data  for  other  pro- 
jectiles have  been  included  to  illustrate  the  general  trends  expected. 
Most  of  the  data  presented  here  are  for  targets  of  the  rare  gases  (He, 
Ne,  Ar,  Kr,  and  Xe)  and  stable  diatomic  gases  (H,,  N., , 0,,  and  CO). 

Other  target  species  of  interest  are  the  halogens,  H,  N,  C,  0,  CO,,  H.,0, 

HF,  Hg,  Cd,  U,  and  UF, ; data  on  these  cases  have  been  included  where 

6 

possible,  but  at  best  they  are  fragmentary  and  at  worst  nonexistent. 

To  produce  a manageable  data  set  it  has  been  found  to  be  necessary 
to  limit,  or  omit  altogether,  coverage  of  certain  mechanisms  of  periph- 
eral interest;  we  instead  refer  the  reader  to  standard  works  on  the 
revelant  subjects.  Processes  involving  fast  neeative  ions  have  been 
omitted  entirely,  although  there  are  substantial  data  on  these,  particu- 
larly for  the  hydrogenic  species.  For  projectiles  traversing  a thick 
target  there  will  be  few  negative  ions  in  the  beams  since  the  extra 
electron  is  weakly  bound  and  readily  removed  by  collision;  moreover,  it 
seems  unlikely  that  negative  ions  will  be  produced  in  any  reactor  pumped 
laser  configuration.  For  coverage  of  the  cross  sections  for  destruction 
and  formation  of  negative  hydrogen  ions  the  reader  is  referred  to  the 
review  by  Tawara  and  Russek  [Rev.  Mod.  Phys.  4_5,  178  (1973)).  We  have 
also  omitted  coverage  of  fast  molecular  ions  traversing  gases  since 
there  is  no  reason  to  expect  molecular  species  from  nuclear  reactions. 
For  a bibliography  on  fast  molecular  dissociation,  the  reader  should 
consult  the  book  by  McClure  and  Peek  (Dissociation  in  Heavy  Particle 
Collisions,  Wiley  Interscience,  New  York,  1972).  Excitation  of  gases 
by  heavy  projectiles  is  a subject  where  there  is  a vast  amount  of 
relevant  data,  far  too  extensive  to  be  reproduced  here  in  its  entirety. 
Coverage  has  been  restricted  to  only  a limited  group  of  excited  states 
for  any  one  of  the  reactions  of  interest.  A broader  coverage  with  a 
complete  compendium  of  data  can  be  found  in  the  book  by  Thomas 
(Excitation  in  Heavy  Particle  Collisions,  Wiley  Interscience,  New  York, 
1972).  It  should  of  course  always  be  remembered  that  excitation  of  a 
dense  gas  is  primarily  due  to  secondary  electrons  liberated  by  ioniza- 
tion of  the  medium;  direct  excitation  by  the  fast  heavy  projectile  is 
likely  to  be  a small  component. 
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For  many  of  the  mechanisms  involving  light  projectiles  (hydrogen 
and  helium)  there  is  an  abundance  of  data  and  analyses  have  provided 
semi-empirical  algebraic  representations  of  how  cross  section  varies 
with  energy.  Where  available,  these  formulae  have  been  reproduced 
since  they  are  more  convenient  than  data  points  for  use  in  any  modelling 
program. 

General  References: 

1.  C.  F.  Barnett,  J.  A.  Ray,  E.  Ricci,  I.  Wilker,  E.  W.  McDaniel, 

E.  W . Thomas,  and  H.  B.  Gilbody,  "Atomic  Data  for  Controlled  Fusion 

Research,”  Report  ORNL  5206,  Controlled  Fusion  Atomic  Data  Center, 

Oak  Ridge  National  Laboratory,  Oak  Ridge,  Tennessee  (February  1977). 

2.  H.  D.  Betz,  Rev.  Mod.  Phys.  44^  465  (1972).  > 

3.  R.  C.  Dehmel,  H.  K.  Chau,  and  H.  H.  Fleishmann,  Atomic  Data  _5,  231 

(1973)  . 

4.  H.  H.  Lo  and  W.  L.  Fite,  Atomic  Data  305  (1973). 

5.  G.  W.  McClure  and  J.  M.  Peek,  Dissociation  in  Heavy  Particle  Colli- 
sions , Wiley,  New  York  (1972). 

•6.  H.  Tawara  and  A.  Russek,  Rev.  Mod.  Phys.  4j),  178  (1973). 


7.  E.  W.  Thomas,  Excitation  in  Heavy  Particle  Collisions,  Wiley, 
New  York  (1972) . 


Tabular  Data  B-2.1. 
0 by  Protons. 


Ionization  of  He,  Ne,  Ar,  Kr,  H^,  N., , and 

H+  + X -+  H+  + X+  + ea 


We  suggest  use  of  the  following  serai-empirical  analytic  expression  by 
Green  and  McNeal  which  adequately  represents  the  available  data;  applicable 
parameters  are  shown  in  tabular  form  below. 

aQ(Za)n  (E-I )v 

General  analytic  form  o(E)  = — — (l) 

D+v  'X-v  v J 

J + E 

Za  ^ 

High  energy  asymptotic  form  o(E)  = o (— ) 

o E 

Cross  section  in  cm2  at  impact  energy  E(keV)  SI  =0.75 


o(F.) 

0 

c 
Z 

1 


(b) 


ln-16  2 

= 10  cm 

= Number  of  electrons  in  one  molecule 
of  gas 

= Ionization  threshold  of  gas  (keV) 


See  table  below 


(c) 


a,. I = Parameters  obtained  by 

fitting  to  data.  See  below. 


Target 

Characteristics 

Three 

Parameters  (v,  .1  and  a) 
Varied  e 

Two  Parameters  (J  and  a) 
Varied  (v  fixed  = 1.00 11' 

Target 

Z 

Id 

J 

a 

J 

a 

Species 

(keV) 

V 

(keV) 

(keV) 

V 

(keV) 

(keV) 

He 

2 

0.0247 

1.25 

58.86 

65.05 

1.00 

69.05 

71.15 

Ne 

10 

0.0215 

1.08 

70.17 

41.56 

1 .00 

74.59 

43.14 

Ar 

18 

0.0157 

1.00 

46.18 

102.78 

1.00 

47.67 

94.33 

Kr 

36 

0.0139 

1.00 

44 . 60 

77.78 

1.00 

45.80 

70.72 

h2 

2 

0.0156 

1.02 

47.62 

171.50 

1.00 

48.62 

174.0 

n2 

14 

0.0155 

0.  77 

67.  15 

120. 36 

1.00 

55.31 

106.0 

°2 

16 

0.0125 

0.82 

69.08 

105.62 

1.00 

59.91 

97.0 

Others 

(see 

note  f below) 

Reference 

A.  E. 

S.  Green  and 

R.  J.  McNeal,  J. 

Ceophys.  Ref. 

76,  133 

(1971). 

Notes  (a) 


(b) 

(c) 
<d) 

(e) 

(f) 


C.  F.  Barnett,  et  al.,  "Atomic  Data  for  Controlled  Fusion  Research"  Oak 
Ridge  National  Laboratory  Report  ORN!  5206. 

Strictly  speaking  the  cross  section  is  the  sum  im  of  cross  sections 

for  the  process  H + X ■*  H + X + me  where  m yaHes  from  1 to  the  nuclear 
charge  of  X.  In  practise  m = 1 will  predominate. 

This  value  of  SI  is  consistent  with  the  asvmntotic  high  energy  behaviour 
of  the  Born  Approximation. 

This  parameter  is  taken  as  unity  for  the  two  parameter  fit  and  is  varied 
in  the  three  parameter  fit. 

Handbook  of  Chemistry  and  Physics,  46th  Edition  (Chemical  Rubber  Pub.  Co., 
Cleveland,  1966). 

The  three  parameter  form  is  most  accurate  but  differs  significantly  from 
the  two  parameter  form  only  for  He. 

For  other  gases  a reasonable  estimate  may  be  made  by  using  average  values 
of  v , J and  a with  appropriate  values  of  7.  and  f. 
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Cross  sections  of  proton  impact  ionization  for  rare 
gases.  The  solid  curves  are  plots  of  equation  1 with 
= 0.75,  . = 1.00,  and  two  parameters  (a  and  J)  adjusted 
to  the  values  shown  in  the  Table.  The  dashed  curves 
are  similar  plots  with  = 0.75,  and  v,  a,  and  J adjusted 
The  error  bars  on  the  He  curve  show  the  spread  in 
reported  data  at  energies  where  more  than  one  set  of 
data  is  available.  The  curves  were  taken  from  Green  and 
McNeal. 


Energy,  kev 

(b)  Cross  sections  of  proton  impact  ionization  of 
molecular  gases.  Curves  were  taken  from  Green 
and  McNeal.  Data  points  are  from  the  work  of 
De  Heer  et  al.,  Phvsica  32,  1766  (1966). 

Graphical  Data  B-2.2.  Cross  sections  of  proton  impact  ionization 
for  (a)  rare  gases  and  (b)  molecular  gases. 


Tabular  Data  B-2.3. 
by  H atoms. 


Ionization  of  He,  Ne,  Ar,  Kr,  Xe,  , and 


H + X 


+ a 
H + X + e 


We  suggest  use  of  the  following  semi-empirical  analytic  expression  by 
Green  and  McNeal  which  adequately  represents  the  available  data;  applicable 
parameters  are  shown  in  tabular  form  below. 


General  analytic  form  0(E)  = 


o (Za)‘ 
o 


O+V 


+ F. 


(E-I) 

i?+v 


7,n . 


High  energy  asymptotic  form  o(E)  = o (— ) 


(l) 


i 


o(F.) 

o 

o 

Z 


= Cross  section  in  cur  at  impact  energy  E(keV)  0 
= ICf16  cm2 


0.  75 


(b) 


= Number  of  electrons  in  one  molecule 
of  gas 

= Ionization  threshold  of  gas  (keV) 


v 

a , J 


See  table  below 


(c) 


= Parameters  obtained  by 

fitting  to  data.  See  below. 


Target 

Characterist ics 

Three  Parameters  (v,  J and  a) 
Varied  e 

Two  Parameters  (J 
Varied  (v  fixed  = 

and  a) 
1.00)e 

Target 

Id 

J 

a 

J 

a 

Species 

Z 

(keV) 

v 

(keV) 

(keV) 

v> 

(keV) 

(keV) 

He 

2 

0.0247 

1.83 

28.85 

25.35 

1.00 

53.11 

35.75 

Ne 

10 

0.0215 

0.97 

36.10 

12.22 

1.00 

34.78 

11.86 

Ar 

18 

0.0157 

0.70 

36.88 

41.72 

1.00 

24.49 

31.34 

Kr 

36 

0.0139 

0.98 

19.69 

18. 31 

1.00 

19.38 

18.07 

Xe 

54 

0.0121 

1.15 

13.22 

11.46 

1.00 

16.61 

14.67 

h2 

2 

0.0156 

1.04 

23.68 

47.45 

1.00 

24.67 

48.70 

n2 

14 

0.0155 

0.63 

28.80 

38.82 

1.00 

16.91 

27.10 

02 

16 

0.0125 

0.43 

73.11 

73.88 

1.00 

No  fit 

Others 

(see 

note  f 

below) 

Reference  A.  E.  S.  Green  and  R.  J.  McNeal,  J.  Ceophvs.  Res.  7b,  133  (1971). 

C.  F.  Barnett  et  al.,  "Atomic  Data  for  Controlled  Fusion  Research”  Oak 
Ridge  National  Laboratory  Report  ORNL  5206. 

Notes  (a)  Strict  lv  speaking  the  cross  section  is  the  sum  Em  a of  cross  sections 
m 

nf+  Tn 

for  the  process  H + X -*•  H + X + me  where  m varies  from  1 to  the  nuclear 
charge  of  X.  In  practise  m = 1 will  predominate. 

(b)  This  value  of  ft  is  consistent  with  the  asymptotic  high  energy  behaviour 
of  the  Born  Approximation. 

(c)  This  parameter  is  taken  as  unity  for  the  two  parameter  fit  and  is  varied 
in  the  three  parameter  fit. 

(d)  Handbook  of  Chemistrv  and  Physics,  46th  Edition  (Chemical  Rubber  Pub.  Co. 
Cleveland,  1966). 

(e)  The  three  parameter  form  is  most  accurate  but  differs  significantly  from 
the  two  parameter  form  only  for  He;  the  two  parameter  fit  does  not  work 
for  Oi, 

(f)  For  other  gases  a reasonable  estimate  may  be  made  hv  using  average  values 
of  v,  .1  and  a with  appropriate  values  of  Z and  I. 
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Cross  sections  of  hydrogen  atom  impact  ionization  for  rare 
gases.  The  dashed  curves  were  obtained  by  varying  v,  a, 
and  J with  = 0.75.  The  solid  curves  were  obtained  with 
ft  = 0.75,  v = 1.00,  and  a and  J varied.  The  error  bars  on 
the  He  curve  show  the  spread  in  reported  data  at  energies 
where  more  than  one  set  of  data  is  available.  The  data 
were  taken  from  Green  and  McNeal. 
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ENERGY.  kpV 

(b)  Cross  sections  for  H atom  impact  ionization  of  molecular 
gases.  Because  there  are  large  discrepancies  between 
experimental  measurements  we  have  shown  no  data  points. 

The  lines  were  plotted  from  the  three  parameter  fit  of 
Green  and  McNeal . 

Graphical  Data  B-2.4.  Cross  sections  for  H atom  impact  ionization  of 
(a)  rare  gases  and  (b)  molecular  gases. 
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H + CO 


(a)  Cross  sections  for  production  of  slow  positive  and  slow  negative 

ions  by  H+  impact  on  CO.  o+  exceeds  o at  low  energies  because 

o+  includes  a component  due  to  formation  of  slow  positive  ions 

as  a result  of  charge  pickup  by  the  proton.  R.  J.  McNeal, 

J.  Chem.  Phys.  5^3,  4308  (1970);  and  J.  Desesquelles  et  al., 
Compt.  Rend.  B 262 , 1329  (1966). 


«.«  — 

5 

IS  — 


H+  + CO 


40  50  60  B0  1.2 


INCIDENT  PROTON  ENf  RCV  '*4**3 

(b)  Cross  sections  for  ionization  of  CO  by  protons.  J.  W.  Hooper, 

D.  S.  Harmer,  D.  W.  Martin,  and  E.  W.  McDaniel,  Phys.  Rev.  1_2_5. , 
2000  (1962). 

Graphical  Data  B-2.5.  fonization  of  CO  by  H . 
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Graphical  Data  B-2.6.  Cross  sections  for  production  of  slow  positive 
and  slow  negative  ions  by  H+  impact  on  CO,.  + exceeds  o at  low 
energies  because  c+  includes  a significant  component  due  to  forma- 
tion of  slow  positive  ions  as  a result  of  charge  pick  up  by  the 
proton.  R.  J.  McMeal , J.  Chem.  Phys.  5_^,  4308  (1970); 

J.  Desesquelles  et  al.,  Compt.  Rend.  B 262 , 1339  (1966);  and 
D.  W.  Koopman,  Phys.  Rev.  166 , 57  (1968). 


Graphical  Data  B—  2.7.  Cross  sections  for  production  of  slow  p.^r 
and  slow  negative  ions  by  impact  of  H on  CO  and  CO.,.  The  . . 

for  o exceed  those  for  c+  because  c includes  a component  ! • 

electrons  stripped  from  the  incoming  H projectile.  R.  !.  N«  . 
J.  Chem.  Phys.  5J3,  4308  (1970). 
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Graphical  Data  B-2.104.  Electron  capture  and  loss  for  Ba 


Algebraic  Expression  B-2.106.  Electron  capture  by  multiply  charged 
heavy  ions  at  impact  energies  below  25  keV/amu  — A scaling  law. 


There  is  only  a very  limited  amount  of  data  for  electron  pick  up  by  multiply 
charged  ions  at  these  energies.  Much  of  the  data  can  be  expressed  in  a simple 
semi-empirical  scaling  law  which  is  more  convenient  for  modelling  than  the 
individual  data  points. 

We  reproduce  here  the  empirical  scaling  law  by  Muller  and  Salzborn  for  electron 
capture  by  multiply  charged  ions.  To  within  an  accuracy  of  35%  it  reproduces  some 
two  thirds  of  268  separate  cross  section  measurements  by  these  authors,  the 
measurements  are  in  some  seven  papers  cited  in  the  references  given  below.  The 
cross  sections  are  virtually  invariant  with  energy  and  quite  uninteresting;  we 
shall  therefore  not  reproduce  them.  Moreover  the  cross  section  is  independent 
of  the  projectile  so  that  the  cross  sections  for  Ne*+,  Ar*+,  Kr*+  and  Xe*+  are  the 
same. 


^k 


Reaction 


Ai+  + B -*■  A^-k)+  + Bk+ 


cross  section  svmbol  o. 


Cross  Section  Formula 


i,i-k 


i,i-k 

\‘”k 


where: 


i«Initial  ionization  state  of  projectile 
k”Number  of  electrons  transferred 


l=Flrst  ionization  potential  of  the  target  (i.e.  energy  required 
electron  from  a neutral  target)  in  electron  volts. 

A^.a^  8^  given  in  tabular  form  below 

o . . , = cross  section  in  cm^ 
i,i-k  k 

1 

2 

3 

4 


Ak 

°k 

pk 

-12 

1.43x10 

1.17 

-2./6 

1.08x10  1 7 

0.71 

-2.80 

5.50x10 

2.10 

-2.89 

3.57x10 

4.20 

-3.03 

to  remove  one 


Note:  Cross  section  is  not  a function  of  energy,  and  is  the  same  for  all  projectiles 
species  of  the  same  initial  charge. 

Conditions  of  Applicability 

i-Believed  applicable  for  i>2.  Tested  for  i=2  through  8 
k-Believed  applicable  for  any  value.  Tested  for  k*=l,2,3,4  and  i-lcO. 

Target-Believed  applicable  for  any  target.  Tested  for  He,Ne,Ar ,Kr,Xe, H^,^, O^.CH^.CO^ 
Projectile-Tested  only  for  He,Ar,Kr,  Xe.  There  are  no  data  for  projectiles 
other  than  the  rare  gas  ions 

Energy  Range  Authors  suggest  that  this  not  be  used  above  25keV/amu.  No  lower  limit 
is  given  but  it  has  been  tested  down  to  0.125  keV/amu. 

Rellability-Perhaps  +35%;  this  is  the  same  as  the  data  on  which  it  is  based. 

Ref erence-A.  Muller  and  E.  Salzborn.  Proceedings  of  the  International  Conference 
on  Low  Energy  lop  Beams.  [Inst.  Phys.  Conf.  Ser.  38*  169,  (1978)].  A Muller  and 
E.  Salzborn,  Physics  Letters  62A,  391  (1977). 


Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections 
for  heavy  ions  in  gases  at  energies  generally  above  25  keV/amu. 

Data  for  heavy  ions  in  the  mass  range  of  interest  are  confined  to 
Br,  Kr,  and  I ions;  they  have  been  summarized  by  Betz  (Rev.  Mod.  Phys. 

44,  465  (1972)  in  tabular  form  and  we  reproduce  that  table  here.  It 
will  be  noted  that  with  increasing  energy  the  available  data  tend  to  be 
for  the  more  highly  charged  species.  At  the  end  of  the  table  we  repro- 
duce some  of  the  data  in  graphical  form;  it  will  be  observed  that  a 
given  cross  section  does  not  vary  greatly  with  the  nature  of  the  pro- 
jectile or  target. 

The  tabular  data  occupy  the  following  six  pages.  Cross  sections  o 
_ 2 

are  given  in  units  of  10  cm  /molecule  for  a projectile  ion  of  charge 
q colliding  with  a target  and  emerging  with  a carge  q'.  Thus  when  q < q' 
the  projectile  has  been  ionized  (stripped)  and  when  q > q'  the  projectile 
has  picked  up  an  electron  (charge  transfer).  The  table  is  in  three 
sections,  corresponding  to  the  three  projectiles  and  arranged  in  order 
of  increasing  energy  with  each  target  handled  separately;  within  a given 
energy-target  block  the  data  are  arranged  in  order  of  increasing  initial 
charge  q and  increasing  number  of  transfered  electrons  n = q - q'.  The 
reference  letters  identify  the  original  source  of  the  data. 

These  tables  include  data  from  a number  of  authors  and  where  com- 
parisons are  possible  they  do  not  always  agree.  In  general  data  for 
one  electron  transfer  (q  - q'  = ±1)  are  reasonably  consistent  while  data 
for  multiple  electron  transfer  may  differ  by  a factor  of  two  between 
authors. 


A limited  part  of  this  data  compendium  is  displayed  in  figures 
following  the  table  to  indicate  data  trends. 


Original  References 

a.  N.B.  Angert,  A.  Moller  and  Ch.  Schmelzer,  Phys.  Letts.  27A,  28  (1968);  A.  Moller, 
W.  Angert,  B.  Franzke  and  C.H.  Schmelzer,  Phys.  Letts.  27A,  621  (1968);  also 
private  communications  to  Betz. 

b.  H.D.  Betz,  G.  Ryding,  A.B.  Wittkower,  Phys.  Rev.  A3,  197  (1971). 

c.  H.D.  Betz,  and  A.B.  Wittkower,  Phys.  Rev.  A6,  1485  (1972). 

e.  S.H.  Datz  et  al.,  Phys.  Rev.  A2,  430  (1970). 

f.  C.D.  Moak  et  al.,  Phys.  Rev,  Letters  18,  41  (1967). 
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Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections  for 

heavy  ions  in  gases  at  energies  generally  above  25  keV/amu  (Continued), 
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Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections  for 

heavy  ions  in  gases  at  energies  generally  above  25  keV/amu  (Continued), 
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Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections  for 

heavy  ions  in  gases  at  energies  generally  above  25  keV/amu  (Continued), 
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Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections  for 

heavy  ions  in  gases  at  energies  generally  above  25  keV/amu  (Continued), 
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Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections  for 

heavy  ions  in  gases  at  energies  generally  above  25  keV/amu  (Continued), 
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Tabular  Data  B-2.107.  Electron  capture  and  loss  cross  sections  for 

heavy  ions  in  gases  at  energies  generally  above  25  keV/amu  (Concluded), 


Iodine  Velocity  1 10  cm/sec 


Graphical  Data  B-2.108.  Velocity  dependence  of  cross  sections  for 
capture  (full  symbols)  and  loss  (open  symbols)  of  a single  electron 
by  Br  and  I ions  in  He,  H2  and  0^ ; drawn  from  the  preceding  table. 

The  initial  charge  state  is  shown  by  each  curve.  The  data  were 
taken  from  H.  Betz,  Rev.  Mod.  Phys.  44,  465  (1972). 


Data  Source  Listing  B-2,109.  Excitation  of  gases  by  heavy  ion  impact. 

The  literature  on  excitation  by  heavy  ions  is  quite  sparse  for  the  projectiles 
of  interest  here  (32  < Z < 65).  The  situation  is  summarized  below  and  representative 
data  are given  in  the  following  data  tables  and  graphs.  Additional  data  for  lower  Z 
projectiles  (Z  < 32)  are  to  be  found  in  "Excitation  in  Heavy  Particle  Collisions" 
by  E.  W.  Thomas  (Wiley,  N.Y.,  1572). 


He  Target 


Data  restricted  to  Kr+  and  Xe+  impact  at  low  energies;  these  are 
partly  reproduced  as  B-2.110  and  B-2.111. 


Ne,  Ar,  Kr,  No  data. 

Xe  Targets 

H2  Target  A limited  amount  of  data  is  available  and  reproduced  here  as 

figure  B-2.112 


O2  Target  No  data. 


N2  Target  A useful  coverage  is  found  for  this  case  and  reproduced  as  B-2.113 

and  B-2.114. 


Other  No  cross  section  data.  A+paper  by  Haugh  and  Bayes  (Phys.  Rev.  A 2, 

Molecules  1778  (1970))  considers  Ar  on  N2O,  HBr,  HC?  and  Kr+  on  HBr; 

it  presents  optical  emission  spectra  and  some  qualitative  discussion 
of  relative  intensities  exhibited  by  different  vibrational  trans- 
itions . 


i 


Graphical  Data  B-2.110.  Intensity  (in  arbitrary  units)  of  certain  Ke  I 

lines  excited  by  Kr+  impact  on  He.  Note  energy  given  both  in  labora- 
tory and  center  of  mass  frames.  The  data  were  taken  from  E.  Veje, 
University  of  Copenhagen,  Private  Communication. 
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Graphical  Data  B-2.111.  Intensity  (in  arbitrary  units)  of  certain  He  I 

lines  excited  by  Xe+  impact  on  He.  Mote  energy  given  in  both  laboratory 
and  center  of  mass  frames.  The  data  were  taken  from  E.  Veje, 

University  of  Copenhagen,  Private  Communication. 
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Center  of  Mass  Energy 
(keV) 

Graphical  Data  B— 2 .112.  Cross  section  for  emission  of  the  Lyman  alpha 

(1216  X)  line  of  H induced  bv  impact  of  an  ion  on  H.,;  (1)  Na  , (2)  K , 

(3)  Rb  , (4)  Cs  , (5)  He  , (6)  H . Energy  is  given  in  center  of  mass 
frame  of  reference. 

Reference : S.  Bobashev,  "Fleet ronic  and  Atomic  Collisions"  (Abstracts 

of  Papers  VI 11  K IM  AC,  Belgrade  1973)  (Institute  of  Physics, 
Belgrade)  page  665. 


:*:'p 


Lab  Energy  (keV) 

Graphical  Data  B-2.113.  Cross  section  for  excitation  of  the  2p  (1)  and 

2s  (2)  states  of  11  due  to  Cs+  impact  on  H9.  Energy  given  in  lab  frame 
of  reference. 

Reference:  S.  Bobashev,  "Electronic  and  Atomic  Collisions"  (Abstracts 

of  Papers  VIII  ICPEAC,  Belgrade  1973)  (Institute  of  Physics, 
Belgrade)  page  665. 
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transition  (B  ~T.  + 
u 


Cross  sections  for  emission  of  the  N7 
+ 


«■  X T. 


g 


3914  A 

(0,0))  induced  by  heavy  ion  impact  on  N , 


X+  + N,  -*  (X+  + e)  + N,+* 
N +*  -►  N9+  + hv  (3914  8). 


N 


+ 


Project i le 


Xe 


+ 


+ 


Ba 


Ba 


2+ 


INf  RGV 

CROSS 

(Kf  VI 

SICT1CN 

1 M RGV 

CROSS 

ISO.  CM) 

(M  VI 

SIC  T 1 1 N 

ISO.  CMI 

? • 20E  01 

1.21C-16 

t.aof  01 

1 .23f -16 

2.7*1  0? 

6.001  -1  7 

6.  ice  01 

1.25E-16 

3.891  02 

6.601-  l 7 

1 .29f  0? 

1 .2* .F-  16 

6.861  02 

6.»3f-i; 

i.*te  02 

1.251  '16 

5.928  02 

6.721  -If 

Mil  02 

l .2U-  16 

7.601  02 

7.121-17 

2.l*»|  02 

1 .221 '16 

9.621  02 

8.201-1  7 

2.68F  02 

1.211-16 

1.18C  03 

7.701-17 

2.7*£  02 

1 .061  - 16 

1.6*1  0» 

8.191-17 

’.«.*€  02 

1.261*16 

1.661  01 

8.6*1-17 

3.6*f  02 

l . 16£  - 16 

1 . 81 f 03 

8.691-17 

’.  7C£  02 

1 .111-16 

*.33C  02 

9. 391-  17 

6.**t  02 

9. 121 -1  7 

6.  7 IF  02 

ft.  801  - 1 7 

6.2SE  02 

7 .80 1 ' 17 

l.Olf  03 

>.  9Sf -1  / 

1.231  03 

7.101-17 

l.*9£  03 

6.101-17 

1 • 76f  03 

6.  391  - 1 7 

1.97F  03 

S. 861-17 

1 N1  R GV 

CROSS 

1 Nl  PGV 

CROSS 

IM  V) 

SIC  1 11  N 

IKE  VI 

SU  T It  N 

ISO.  CM) 

1 SO.  C M) 

1.281 

02 

3.821-17 

8.0*1 

02 

6.16117 

* .027 

02 

3. 691-17 

9.521 

02 

6.661  - 1 7 

*.  3*1 

02 

3.591-17 

1.081 

03 

8. *21  - 1 7 

6.281 

02 

3 . S 9 1 - 17 

1.291 

03 

1 . 001  - 1 6 

7.  r>fif 

02 

*.201  -l  t 

J . * Ol 

03 

) .29) - )6 

7 . *»  2 r 

02 

3.  7*1  - 1 7 

1.671 

0 3 

1.371-16 

8 .77[ 

02 

* .961 -IT 

2.101 

0 3 

1 . 661  - 16 

1.087 

03 

5.  *51  -1  7 

2. *2  1 

03 

1 . 72f  -16 

1.231 

03 

6.161-17 

2.**l 

03 

1 .661  - 16 

1.  321 

07 

6 .251 -1 7 

2.671 

03 

1 .821  - 16 

!.*  3f 

0 3 

7.  1*1  - 1 7 

2.  687 

03 

1 . 881  -16 

1 . •’PI 

03 

7.801  -l  T 

3 • * 1 f 

03 

1 .801- U 

1 . 761 

03 

8.9*1  - l 7 

3.  791 

03 

1 .901  - 16 

1 .«*€ 

03 

1 .0*1-  16 

1 . 8 3f 

0 » 

1 . 7*|  - 16 

?.0‘f 

03 

1.161  -1<. 

• *.161 

03 

1 .831-16 

2.17J 

0 3 

1.101- 16 

Reference:  L.  Kurzweg  et  a 1 . , Phys.  Rev.  179,  55  (1969).  Also  Erratum  in  Phys. 
Rev.  185,  404  (1969). 

Note:  (i)  The  above  referenced  paper  also  includes  data  for  0*  and  pro- 

jectiles. Further  data  for  moderately  heaw  ions  (F4-,  Ne+,  Na+,  Rb4- 
at  energies  from  30  to  100  keV  are  to  be  found  in  the  work  of  Hoffman 
et  al;  Phys.  Rev.  A 9,  187  (1974)  and  Sandia  Laboratories  Report 
SC-RR- 70-695  (1970). 

(ii)  The  spectral  line  considered  here  is  only  one  of  the  First  Negative 
Band  System.  Various  studies  suggest  that  the  cross  sections  for 
other  lines,  and  for  level  excitation,  can  be  estimated  by  the  use 
of  theoretictil  transition  probabi  1 i t ies  as  discussed  earlier  in 
Scaling  Law  B-2.46. 

(iii)  Some  separate  studies  of  the  anparent  "i«  tational  temperature”  of 

excited  N2*  induced  by  Kr+,  Rb  , Xe+  and  Cs+  impact  are  to  be  found 
in  the  work  of  Polyakova  et  al.,  Soviet  Physics  JKTP  K),  63  (1970) 
and  Lowe,  "Fourth  International  Conf.  on  the  Phvsics  of  Electronic 
and  Atomic  Collisions",  Quebec  1965  (Science  Bookcrafters  N.Y.  1965) 
page  285. 
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i 

Graphical  Data  B—  2 . 115.  Cross  sections  for  collisionally  induced 
emission  of  the  3914  X N.,+  line  by  N+,  Xe+,  Ba+,  and  Ba~+  impact 
on  . For  tabular  data  and  reference  see  preceding  page. 
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General  Reference: 


Y.  Itikawa,  "Momentum-Transfer  Cross  Sections  for  Electron  Colli- 
sions with  Atoms  and  Molecules:  Revision  and  Supplement,  1977," 
Atomic  Data  and  Nuclear  Data  Tables  2_1,  69  (1978). 


Definitions  of  Various  Kinds  of  Cross  Sections 


Total  Scattering  - The  cross  section  for  all  scattering  events,  elastic 
and  inelastic. 

Momentum  Transfer  - A total  cross  section  obtained  by  integrating  the 
differential  center-of-mass  cross  section  over  all  angles  weighted  by 
the  factor  (1  - cos  0).  0 is  the  center-of-mass  scattering  angle. 

Although  it  is  often  assumed  that  the  momentum  transfer  cross  section 
is  an  elastic  cross  section,  it  is  often  derived  from  experimental 
results  which  include  inelastic  effects.  Care  must  be  taken  to  deter- 
mine the  quantities  used  in  the  derivation,  as  discussed  in  the 
references . 

Total  Elastic  Scattering  - The  unweighted  integral  of  the  differential 
elastic  cross  section. 


Total  Ionization  - This  is,  in  fact,  the  cross  section  for  electron 
production  and  is  also  defined  as 


a 


T 


o.  + 2o 2 + 3a  + . . . 


The  subscripts  on  the  a's  on  the  right-hand  side  of  the  equation 
designate  the  individual  cross  sections  for  producing  ions  of  positive 
charge  indicated  by  the  subscript. 

Electronic  Excitation  - As  used  here  this  term  is  the  total  cross 
section  for  direct  excitation  of  the  atomic  or  molecular  level  indi- 
cated, unless  otherwise  noted.  In  some  cases,  the  cross  section  refers 
to  the  radiation  emitted  with  the  decay  of  the  excited  state. 


1658 


Tabular  and  Graphical  Data  C-l.l  Elastic  scattering  cross  sections 
for  electrons  in  F. 
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Reference:  E.  J.  Robinson  and  S.  Geltman,  Phys.  Rev.  153,  4 (1967) 
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Tabular  and  Graphical  Data  C-1.2a.  Elastic  scattering  cross  sections 
for  electrons  in  Cl. 

e + Cl  + e + Cl 
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Tabular  and  Graphical  Data  C-1.2b.  Elastic  scattering  cross  sections 
for  electrons  in  Br. 

e+Rr+e+Fr 
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Reference:  F.  J.  Robinson  and  S.  Oeltman,  Phvs.  Rev.  153.  4 (1967) 
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Tabular  and  Graphical  Data  C-1.2c.  Elastic  scattering  cross  sections 
for  electrons  in  I. 
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Tabular  and  Graphical  Data  C-1.3. 
for  electrons  in  Ar. 
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Tabular  and  Graphical  Data  C-1.4.  Elastic  scattering  cross  sections 
for  electrons  in  C. 
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Tabular  and  Graphical  Data  C-1.5.  Total  scattering  cross  sections  for 
electrons  in  N. 
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Tabular  and  Graphical  Data  C-1.6.  Total  scattering  cross  sections  for 
electrons  in  N. 
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Tabular  and  Graphical  Data  C-1.7.  Elastic  scattering  cross  sections 
for  electrons  in  N. 
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Tabular  and  Graphical  Data  C-1.8.  Elastic  scattering  cross  sections 
for  electrons  in  0. 
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Tabular  and  Graphical  Data  C-1.9a.  Total  scattering  cross  sections 
for  electrons  in  0. 


Elec  t ron 

Cross 

Electron 

Cross 

Electron 

Cross 

Energy 

Section 

Energy 

Section 

Energy 

Section 

eV 

10_lbcm2 

eV 

10-16cm2 

eV 

io-»W 

11.3 

7.30 

7.20 

9.  10 

3-05 

6.30 

10.8 

8.20 

6.70 

8.70 

2.50 

7.90 

10.2 

9.50 

6.20 

6.90 

2.00 

5.30 

9.75 

8.60 

5.70 

6.30 

1.50 

6.70 

9.25 

8.20 

5.15 

8.60 

1.000 

5.20 

8.75 

10.1 

4.65 

6.30 

0.  500 

5.70 

8.20 

9-40 

4.10 

7.60 

7.  70 

8.90 

3-60 

8.  30 

12.1  8.11 

15.8  7.99 

24.9  7.38 

35.7  6.66 

48.8  6.43 

f 63.8  6.16 


Cross  Section  (10  cm 


Tabular 

and  Graphical 

Data  C-l.lOb. 

Momentum 

transfer  cross 

sections 

for  electrons  in  0. 

Electron 

Cross 

Electron 

Cross 

Electron 

Cross 

Energy 

Section 

Energy 

Sect  Ion 

Energy 

Section 

eV 

-14  2 

10  cm 

eV 

in"14  2 

1 0 cm 

eV 

in"14  2 

10  cm 

0.10 

4.80 

1.5 

5.40 

7.0 

6.60 

0.12 

4.82 

1.7 

5.40 

8.0 

6.75 

0.15 

4.85 

1.9 

5.43 

10.0 

7.20 

0.17 

4.87 

2.1 

5.46 

12 

7.45 

0.20 

4.90 

2.2 

5.49 

15 

7.80 

0.25 

4.92 

2.5 

5.60 

17 

7.70 

0.30 

4.95 

2.8 

5.65 

20 

7.60 

0.35 

4.97 

3.0 

5.70 

25 

7.20 

0.40 

5.00 

3.3 

5.75 

30 

6.60 

0.50 

5.05 

3.6 

5.85 

50 

6.30 

0.70 

5.15 

4.0 

6.00 

75 

6.10 

1.0 

5.20 

4.5 

6.10 

100 

6.00 

1.2 

5.25 

5.0 

6.20 

1.3  » 5.35 

6.0  6.40 

Cont.  Next  Column 

Cont . Next  Column 

1 


I 


4 


Electron  Energy  (eV) 


Reference:  F.  E.  Spencer  and  A.  V.  Phelps,  Proceedings 

of  the  15th  Symposium  on  the  Engineering 
Aspects  of  Magnetohydrohynami cs , Philadelphia, 
Pa.,  May,  1976.  Paper  IX. 9.1 


1672 


* 


[» 


Tabular  and  Graphical  Data  C-1.13.  Total  scattering  cross  sections 
for  electrons  in  H^. 
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Tabular  Data  C-1.14a.  Momentum  transfer  cross  sections  for  electrons 
In  H?. 
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Australian  J.  Phys.  2_2,  715  ( 1969) 

Data  C-1.14b.  Momentum  transfer  cross  sections  for  electrons 
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Graphical  Data  C-1.14c.  Momentum  transfer  cross  sections  for  electrons  in 
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Tabular  Data  C-1.15b.  Total  scattering  cross  sections  for  electrons 
in  N,. 
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.15b.  Total  scattering  cross  sections  for  electrons  in 


Tabular  and  Graphical  Data  C-1.16b.  Elastic  scattering  cross  sections 
for  electrons  in  N^. 
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Tabular  and  Graphical  Data  C-1.17a.  Momentum  transfer  cross  sections 

for  electrons  in  N . 
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Tabular  and  Graphical  Data  C-1.17b.  Momentum  transfer  cross  sections 
for  electrons  in  N,v 
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Tabular  and  Graphical  Data  C-1.18a.  Total  scattering  cross  sections 
for  electrons  in  0?. 
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Tabular  and  Graphical  Data  C-1.18c.  Total  scattering  cross  sections 
for  electrons  in  0?. 
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Tabular  and  Graphical  Data  C-1.19. 
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Tabular  and  Graphical  Data  C-1.20.  Momentum  transfer  cross  sections 
for  electrons  in  0„. 
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Tabular  and  Graphical  Data  C-l 
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Tabular  and  Graphical  Data  C-1.22.  Momentum  transfer  cross  sections 
for  electrons  in  CO. 
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Tabular  Data  C-1.24.  Elastic  scattering  cross  sections  for  electrons 
in  NO. 
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Tabular  Data 
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C-1.26a.  Total  scattering  cross  sections  for 
in  CO  . 
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Tabular  and  Graphical  Data  C-1.26b.  Total  scattering  cross 
sections  for  electrons  in  CO^ . 
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Reference:  C.  Szmytkowskl  and  M.  Zubek, 

Chem.  Phvs.  Lett.  52, , 105  (1978) 
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Tabular  and  Graphical  Data  C-1.27b.  Momentum  transfer  cross  sections 
for  electrons  in  C0„. 
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Tabular 
in  N ,0 

Data  C-1.28.  Total  scattering  cross 

sections  for 

electrons 
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Tabular  and  Graphical 
for  electrons  in  N.70 

Data  C-1.29a. 
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Tabular  and  Graphical  Data  C-1.29b, 
for  electrons  in  N.,0. 
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Reference:  Y.  Itlkawa,  Atomic  Data  14,  1 (1974) 


Tabular  and  Graphical  Data  C-1.30.  Total  scattering  cross 
sections  for  electrons  in  H.?0. 
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Reference.  E.  Bruche,  Ann.  Pliys.  (Leipz.)  2,  90/  (1929) 
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Tabular  and  Graphical  Data  C-1.31a.  Momentum  transfer  cross  sections 
for  electrons  in  H,?0. 
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Tabular  and  Graphical  Data  C-1.31b. 
for  electrons  in  H-,0. 


Momentum  transfer  cross  sections 
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Reference:  F.  E.  Spencer  and  A.  V.  Phelps,  Proceedings  of  the  15th 

Symposium  on  the  Engineering  Aspects  of  Magnetohydro- 
dynamlcs,  Philadelphia,  Pa.,  May,  1976.  Paper  IX. 9.1 


Tabular  and  Graphical  Data  C-1.32.  Momentum  transfer  cross  sections 
for  electrons  in  OH. 
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Symposium  on  the  Engineering  Aspects  of  Magnetohydro- 
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Tabular  and  Graphical  Data  C-1.35a.  Total  scattering  cross  sections 

for  electrons  in  CH. . 
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Tabular  and  Graphical  Data  01.37.  Total  scattering  cross 
sections  for  electrons  in  OCS. 
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Tabular  and  Graphical  Data  C-1.41a.  Elastic  scattering  cross  sections 
for  electrons  In  HC.1. 

e + HC1  -*  e + HC1 
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Tabular  and  Graphical  Data  C-1.41b.  Rotational  excitation  cross 
sections  for  electrons  in  HC1  (rotational  transition  is  j = 0 
to  j = 1). 
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Reference:  F.  A.  Glanturco  and  N.  K.  Rahman,  J.  Phys.  B _H,  727  (1978) 
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Tabular  and  Graphical  Data  C-l.Alc.  Rotational  excitation  cross 
sections  for  electrons  in  HC1  (rotational  transition  is  j = 0 
to  j = 2) . 
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Reference:  f.  A.  Gianturco  and  N.  K.  Rahman,  J.  Phys.  B _H,  727  (1978) 
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Tabular  and  Graphical  Data  C-1.41d.  Rotational  excitation  cross 
sections  for  electrons  in  HC1  (rotational  transition  is  j = 0 
to  j = 3) . 
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Tabular 

and  Graphical 

Data  C-1.42. 
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Tabular  and  Graphical  Data  C-1.43.  Elastic  scattering  cross 
sections  for  electrons  in  HF. 

e + HF  + e + HF 
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Tabular  and  Graphical  Data  C-1.44a.  Cross  sections  for  rotational 
excitation  of  HF  by  electron  impact  (rotational  transition  is 


j = 0 

to  j = 1)  . 
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Tabular  and  Graphical  Data  C-1.44b.  Cross  sections  for  rotational 
excitation  of  HF  by  electron  impact  (rotational  transition  is 
j = 0 to  j = 2). 
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•:  ■ 14 

8 5.8 

— 

— 

o.15f  70.4 

. J ? 3 . r 

t . x c Col  urn 

Co  • . 

‘.'ext  Column 

!00f — 


I N-'  tron  Fnorpv  (cV) 

Reference:  F.  A.  Oianturco  and  N.  F.  Rahman,  I.  Phvs.  R JJ.,  727  ( 1978) 
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Tabular  and  Graphical  Data  C-1,45. 
for  electrons  in  SF  . 

o 


Momentum  transfer  cross  sections 


Elect i on 
Energy 

eV 

Cross 

Section 

in"15  2 

10  cm 

Electron 

Energy 

eV 

Cross 

Section 

in"15  2 

10  cm 

0.033 

0.948 

40 

1.03 

5.1 

1.02 

50 

1 .03 

10 

1.04 

60 

1.50 

15 

1.07 

70 

0.956 

20 

1.07 

75 

0.684 

30 

1.06 

80 

0.667 

Cont.  Next  Column 


1C t cb/ik 


K t cm/*ec 


Graphical  Data  B-2.8.  Cross  sections  for  forming  various  slow  ions 

by  H (continuous  curves)  and  H°  (broken  curves)  impact  on  He,  Ne, 

Ar,  and  Kr.  a . is  the  cross  section  for  removing  i electrons  from 
oi  ° 

a target  atom.  Data  shown  as  a function  of  incident  velocity  v and 

energy  T.  E.  L.  Solovev  et  al. , Soviet  Physics,  JETP  15,  459  (1962) 


iu  C- — t r-rrnp| ■ — t-tttttt] ■ <i  • ” ■ * 


r rr  I »»|  i 'i'  i i n ru 

m*-n« 


|0L_ 1 .1  Uill.l J L.X  I . LIU  - - J — -l_l_J.Ji.lll 

ooj  oj  io  ioo 


E (MeV) 


-l 

001  0 I 


10  *oo 


Graphical  Data  B-2.9.  Cross  sections  for  secondary  ion  production  by 


H impact  on  He,  Ne,  Ar,  and  Kr.  E.  S.  Solovev  et  al.,  Soviet 
Physics,  JETP  15,  459  (1962);  S.  Wexler,  J.  Chem.  Phys.  41,  1714  (1964) 


20% 


CROSS  SECTION  (cm? 


Tabular  Data  B-2.13.  Cross  sections  for  production  of  N , N , and  N ions  by 


ENERGY  (keV) 


Graphical  Data  B-2.16.  Cross  sections  for  production  of  0^  , 0 , ant 
2+ 

0 ions  by  protons  in  0^.  (The  tabular  data  were,  presented  on  the 
previous  page.) 


Tabular  Data  B-2.18.  Stripping  Cross  Sections  of  H atoms  in 
He,  Ne,  Ar,  Kr,  Xe,  H , N_. 


H + X -►  H + X + e 

We  suggest  use  of  the  following  semi-empirical  analytic  expression  by 
Green  and  McNeal  which  adequately  represents  the  available  data;  applicable 
parameters  are  shown  in  tabular  form  below. 

a <Za)n  (E-I) v 

General  analytic  form  o(E)  = — — — 

jfti-v  + eJHv 


High  energy  asymptotic  form  a(E)  - a 

o 

Cross  section  in  cm2  at  impact  energy  E(keV) 

,n-16  2 
10  cm 

Number  of  electrons  in  one  molecule 
of  gas. 


a (^>n 
o E 


See  table  below' 

Parameters  obtained  by 
fitting  to  data.  See  below. 


I 

• Ionization  threshold  of  hydrogen 

(0. 

,0135  keV). 

Target 

Characteristics 

Three 

Parameters 

Varied(c) 

(v,  J and  a) 

Two  Parameters  (J 
Varied  (v  fixed  - 

and  a)  , 
0.666) 'C' 

Target 

Species 

Z 

V 

J 

(keV) 

a 

(keV) 

J 

(keV) 

a 

(keV) 

He 

2 

0.56 

21.00 

46.40 

0.666 

21.00 

46.40 

Ne 

10 

0.60 

60.63 

42.93 

0.666 

51.26 

37.27 

Ar 

18 

0.69 

88.90 

91.00 

0.666 

89.90 

91.00 

Kr 

36 

0.79 

98.00 

78.00 

0.666 

98.00 

78.00 

Xe 

54 

0.76 

59.40 

33.20 

0.666 

59.39 

33.20 

«2 

2 

0.68 

38.85 

79.50 

0.666 

39.54 

80.00 

n2 

14 

0.59 

56.50 

94.92 

0.666 

49.64 

88.22 

Others 

(See 

note  (d) 

below) 

• » • 

Reference  A.  E.  S.  Green  and  R.  J.  McNeal,  J.  Geophys . Res.  76..  133  (1971). 

H.  Tawara  and  A.  Russek,  Rev.  Mod.  Phys.  U5_,  178  (1973). 

Notes  (a)  This  value  of  0 is  consistent  with  the  asymptotic  high  energy  behaviour  of  the 
Bom  Approximation. 

(b)  This  parameter  is  taken  as  0.666  for  the  two  parameter  fit  and  is  varied  in 
the  three  parameter  fit. 

(c)  The  three  parameter  form  is  most  accurate  but  does  not  differ  appreciably  from 
the  two  parameter  form. 

(d)  For  other  gases  a reasonable  estimate  may  be  made  by  using  average  values 
of  v,  J and  a with  appropriate  values  of  Z. 


Stripping  cross  sections  for  hydrogen  atoms  in  rare  gases.  The 
curves  show  the  fits  obtained  with  Equation  1 with  ft  = 0.75, 
v = 0.666,  and  variable  a and  J.  The  data  were  taken  from  Green 
and  IlcNeal. 


ENERGY,  keV 


Stripping  cross  sections  for  hydrogen  atoms  in  molecular  gases. 
The  curves  show  the  fits  with  0 = 0.75,  and  v = 0.666.  The 
data  were  taken  from  Tawara  and  Russek.  Green  and  IlcNeal  do 
not  present  an  analytic  expression  for  0^ , but  clearly  the  data 

for  O2  lie  close  to  those  for  N^  and  can  be  well  represented  by 

the  same  expression. 


Graphical  Data  B-2.19.  Stripping  cross  sections  for  hydrogen  atoms  in 
(a)  rare  gases  and  (b)  molecular  gases. 


Tabular  Data  B-2.20.  Electron  capture  cross  sections  for  protons 
in  He,  Ne,  Ar,  Kr,  Xe,  ll2,  N,,  and  0?. 

H+  + X -*■  H + X+ 

We  suggest  use  of  the  following  semi-emp 1 r ical  analytic  expression  by 
Green  and  McNeal  which  adequately  represents  the  available  data;  applicable 
parameters  are  shown  in  tabular  form  below. 

, . , ....  o ( Za ) : ' CE-I ) v 

General  analytic  form  <j(h)  = o —7 — r—  , 

jiHv  + En+v  + (Za)G  Ev  (E/c)A 

C A 

High  energy  asymptotic  form  cr(F)  = (— ) 

o(E)  =»  Cross  section  in  cnT  at  impact  energy  F.(keV)  v,  J,  , a.  A,  C = parameter 

0 « 10“16  cm‘  obtained  by  fitting  to  data. 

0 See  Below. 

Z * Number  of  electrons  in  one  molecule  of 
target  gas 

1 = Ionization  threshold  of  target  gas  (keV) 


Target  Characteristics 


Species 

z 

i(a> 

(keV) 

V 

j 

S2 

a 

C 

He 

2 

0.0247 

2.0 

16.86 

1.08 

28.95 

4.50 

100. 

Ne 

10 

0.0215 

2.0 

5.216 

0.  71 

5.57 

4.00 

173. 

Ar 

18 

0.0157 

2.0 

0.894 

0.35 

316.56 

3.  38 

106. 

Kr 

36 

0.0139 

2.0 

0.130 

0.  30 

1364.67 

2.86 

110. 

Xe 

54 

0.0121 

2.0 

0. 141 

0.38 

347.67 

3.00 

100. 

h2 

2 

0.0156 

2.0 

1.215 

0.271 

4084. 

4.80 

75.8 

n2 

14 

0.0155 

2.0 

1.433 

0. 375 

258. 

3.  30 

108. 

02 

16 

O.OI25 

2.0 

0.057 

0.258 

1038. 

3.50 

125. 

References 

A.  E.  S.  Green  and  R.  J 

. McNeal , J . 

Geophvs . 

Res.  76.  133 

(1971). 

H.  Tawara  and  A. 

Russek 

, Rev . Mod . 

Phvs.  45, 

178  (1973). 

Notes 

(a) 

"Handbook  of  Chemistry 

and  Phvslcs" 

1 46th  Edition  (Chemical 

Rubber 

Pub. 

Co.,  Cleveland,  1966). 
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Electron  capture  cross  sections  for  fast  protons  in  rare  gases 
The  value  of  v in  Equation  2 is  fixed  at  2.0;  other  parameters 
were  adjusted.  The  curves  are  plots  of  Equation  1 wit!  the 
parameters  listed  in  the  facing  table.  The  data  were  taken 
from  Green  and  McNeal. 


Electron  capture  cross  sections  for  protons  in  molecular  gases 
Details  of  curves  are  the  same  as  those  in  caption  (a) . The 
data  were  taken  trom  Tawara  and  Russek. 


Graphical  Data  B-2.21.  Electron  capture  cross  sections 
tons  in  (a)  rare  gases  and  (b)  molecular  gases. 


A 


Tabular  Data  B-2.22.  Stripping  cross  sections  for  H atoms  In  H-0, 
CO,  C02,  C,  0,  and  N.  L 

H + X+H+  + X + e. 

(a)  Stripping  in  H?0,  CO  and  CO?  (Graphical  Data  on  Facing  Page) 


Energy 

Target 

Cross  Section 

Gas 

cm'^ 

(keV) 

h2o 

CO 

CO  2 

100 

3. 18xl0"16 

4.60xl0"16 

5.85xl0“16 

200 

2.70xl0*16 

3.60xl0"16 

4 . 69xl0*16 

300 

2.10xl0~16 

3. 25xlO-16 

4.28xl0“16 

400 

550 

1.45xl0"16 

2.63xl0"16 

2.32xl0"16 

3. 72xlO-16 
3.27xl0“16 

800 

1 . 12xl0"16 

1.63xl0"'6 

2.44xl0-16 

1000 

9. 81x10 7 

1.47xlO"16 

2.17xl0"16 

1250 

8.02xl0"17 

1 . 27xlO-16 

1.91xl0"16 

1500 

6 . 82x10" 1 7 

l.lOxlO"'6 

1.69xl0*16 

1750 

6.07x10"' 7 

1.02xl0-16 

1.51xl0“16 

2000 

5 .67x10* ' 7 

9.  lOxlO*17 

1.33xl0"16 

2250 

5.  Ilxl0~ ' 7 

8. 51x10" 1 7 

1.22xl0"16 

2500 

4 .91x10* 1 7 

7 . 94x10"' 7 

1. llxlO"16 

Reference:  L.  H.  Toburen,  M.  Y.  Nakai  and  R.  A.  Langley,  Phvs.  Rev. 

171,  114  (1968). 

(b)  Stripping  In  H,  0 and  N 

It  Is  recommended  that  half  the  cross  sections  for  H2,  N2  and  C>2  be 
used;  the  values  for  molecular  cases  are  shown  in  B-2.18  and  B-2.19. 

(c)  Stripping  In  C 

Data  are  derived  values  from  analysis  of  measurements  in  CO,  C02  and 
hydrocarbons.  (Graphical  data  on  facing  page). 


Energy 

(keV) 

100 

300 

530 

800 

1500 

2000 

2500 


Cross  Section 
cm^ 

1.87xl0-16 
1. 36xl0-l6 
l.OlxlO-16 
0.64x10”!|? 
0.45x10*  ^ 
0. 37x10":? 
0.32x10 


Reference:  L.  H.  Toburen,  M.  K.  Nakai  and  R.  A.  Langley,  Phys.  Rev. 

171,  114  (1968). 
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Tabular  Data  B-2.24. 
C0?,  and  C. 

Electron  capture  cross 

sections 

for  H In  CO 

Energy 

Cross  Sections 

(keV) 

(cm2) 

°1  0 

°10 

H +CO-H0 

H+COj-^H0 

H++0H0 

2.5  E-02 

4.7 

E-16 

5.0  E-02 

7.7 

E-16 

2.9 

E-15 

7.5  E-02 

1.0 

E-15 

2.8 

E-15 

1.0  E-01 

1.3 

E-15 

2.7 

E-15 

2.0  E-01 

1.7 

E-15 

2.4 

E-15 

5.0  E-01 

1.9 

E-15 

1.9 

E-15 

7.5  E-01 

1.8 

E-15 

1.7 

E-15 

1.0  E 00 

1.8 

E-15 

1.5 

E-15 

2.0  E 00 

1.7 

E-15 

1.3 

E-15 

5.0  E 00 

1.3 

E-15 

1.1 

E-15 

7.5  E 00 

1.1 

E-15 

1.0 

E-15 

1.0  E 01 

1.0 

E-15 

9.4 

E-16 

2.0  E 01 

6.8 

E-16 

7.5 

E-16 

5.0  E 01 

2.5 

F.-16 

3.8 

E-16 

7.5  E 01 

1.3 

F.-16 

2.  3 

E-16 

1.0  E 02 

7.9 

E-l  7 

1.6 

E-16 

4.5  E-17 

2.0  E 02 

1.5 

E-17 

2.5 

F.-17 

1.3  E-18 

5.0  E 02 

6.5 

F.-19 

1.1 

E-18 

1.9  E-19 

7.5  E 02 

1.8 

E-19 

2.6 

E-19 

6.3  E-20 

1.0  E 03 

6.7 

E-20 

9.0 

E-20 

2.6  E-20 

2.5  E 03 

3.0 

E-21 

3.6 

E-21 

1.1  E-21 

References : 

H++CO-*-H° : K.  H.  Berkner,  R.  V.  Pyle,  and  J.  W.  Stearns,  Nucl.  Fusion  10, 

145  (1970);  E.  S.  Chambers,  Report  No.  UCRL-14214  (1965);  J.  Desesquelles , 

G.  D.  Cao,  and  M,  Dufay,  Compt.  Rend.  262B,  1329  (1966);  H.  B.  Gilbody  and 
J.  B.  Hasted,  Proc.  Roy.  Soc.  London  238A , 334  (1956);  E.  Gustafsson  and 
and  E.  Lindholm,  Ark.  Fvsik,  18,  219  (1960);  R.  J.  McNeal,  J.  Chem.  Phys. 

53,  4308  (1970);  M.  C.  Poullzac,  J.  Desesquelles,  M.  Dufay,  Annls.  Astrophys. 

30,  301  (1967);  L.  H.  Toburen,  M.  Y.  Nakai,  and  R.  A.  Langley,  Phvs.  Rev. 

171,  114  (1968). 

H+-KX>2  ♦,H° : M.  A.  Coplan  and  K.  W.  Ogilvie,  J.  Chem.  Phys.  52,  4154  (1970); 

J.  Desesquelles,  G.  D.  Cao,  M.  Dufay,  Compt.  Rend.  262B,  1329  (1966);  D.  W. 
Koopman,  Phys.  Rev.  166,  57  (1968);  R.  J.  McNeal,  J.  Chem.  Phys.  5J),  4308 
(1970);  L.  H.  Toburen,  M.  Y.  Nakai,  and  R.  A.  Langley,  Phys.  Rev.  171,  114  (1968). 

H+  + C -*H°:  L.  H.  Toburen,  M.  Y.  Wakai  and  R.  A.  Langley,  Phys.  Rev. 

171,  114  (1968). 


Tabular  Data  B-2.26. 

in  H..0 , CH.  , H,  N, 
2 4 


Electron  capture  cross 
and  0.  (For  H,  N and  0 


sections  for  H+ 
see  note.) 


Energy  Cross  Sections 

(keV)  (cm2) 


°10 

°10 

h++h2ch-h° 

hVcH+H' 

4 

5.0 

E-02 

3.0 

E-15 

7.0 

E-02 

2.9 

E-15 

3.8 

E-15 

1.0 

E-01 

2.8 

E-15 

3.8 

E-15 

2.0 

E-01 

2.6 

E-15 

3.6 

E-15 

5.0 

E-01 

2.3 

E-15 

3.1 

E-15 

7.  5 

E-01 

2.2 

E-15 

2.8 

E-15 

1.0 

E 00 

2.1 

E-15 

2.7 

F-15 

2.0 

E 00 

1.8 

E-15 

2.2 

F.-15 

5.0 

E 00 

1.4 

E-15 

1. 7 

E-15 

7.5 

E 00 

1.2 

E-15 

1.5 

F.-15 

1.0 

E 01 

1.1 

F,-15 

1. 3 

E-15 

2.0 

E 01 

7.6 

F.-16 

9.3 

E-16 

5.0 

E 01 

3.  5 

E- 16 

4.5 

E-16 

7.5 

E 01 

1.8 

E-16 

2.4 

E-16 

1.0 

E 02 

9.0 

E-17 

1.0 

E-16 

2.0 

E 02 

1.1 

E-17 

8.0 

F.-18 

5.0 

E 02 

4.  3 

E-19 

2.9 

E-19 

7.  5 

E 02 

9.2 

E-20 

7.4 

F.-20 

1.0 

F.  03' 

3.4 

E-20 

3.0 

E-20 

2.5 

F.  03 

1.6 

E-21 

1.1 

E-21 

References : 

H^+H ° : K.  H.  Berkner,  R.  V.  Pyle,  and  J.  W.  Steams,  Nucl.  Fusion  10, 

145  (1970);  E.  S.  Chambers,  Report  No.  UC.RL-14214  (1965);  M.  A.  Coplan  and 

K.  W.  Ogllvle,  J.  Chem.  Phys.  52^,  4154  (1970);  R.  Dagnac,  D.  Blanc,  and 
D.  Molina,  J.  Phys.  B.  1239  (1970);  D.  W.  Koopman , Phys.  Rev.  166 , 57 
(1968):  L.  H.  Toburen,  M.  Y.  Nakai,  and  R.  A.  Langley,  Phvs.  Rev.  171 , 114 
(1968). 

H++CH, *H° : K.  H.  Berkner,  R,  V.  Pyle,  and  J.  W.  Stearns,  Nucl.  Fusion  10, 

145  (1970);  E.  S.  Chambers,  Report  No.  UCRI.-14214  (1965);  J.  G.  Collins  and 

Kerbarle,  J.  Chem.  Phys.  4(>,  1087  (1967);  J.  Desesquelles , G.  D.  Cao,  and 
Dufay,  Compt . Rend.  262B,  1329  (1966);  D.  W.  Koopman,  J.  Chem.  Phys.  49, 
52!  1 (1968);  R.  J.  McNeal , J . Chem.  Phvs.  53,  4308  (1970);  L.  H.  Toburen, 

M.  v,  Sakai,  and  R.  A.  Langley,  Phys.  Rev.  17J.,  114  (1968). 

>r  capture  in  11,  N and  0 it  is  recommended  that  half  the  cross 
• t i ns  for  H2,  N2  and  O2  be  used;  the  data  for  the  molecular 
ire  shown  in  R-2.20  and  B-2.21. 


Tabular  Data  B-2.28.  Excitation  of  He  by  H+  impact. 
H+  + He  ->  H+  + He  (n1?) 


Energy 

keV 

2- 

1 P 

2 

Cross  Section  cm 

3XP 

4' 

2.0  E 

00 

7.6 

E-21 

4.0  E 

00 

5.1 

E-20 

6.0  E 

00 

1.0 

E-l  9 

8.0  E 

00 

2.5 

E-19 

1.0  E 

01 

5.6 

E-19 

1 

”-19 

2.0  F. 

01 

1.2 

E-18 

3. 

-19 

4.0  E 

01 

6.0 

E-18 

1.7 

E-18 

19 

6.0  E 

01 

7.5 

E-18 

7.8 

E-18 

9 

8.0  E 

01 

1.1 

E-l  7 

3.4 

E-18 

9. 

i9 

1.0  E 

02 

1.4 

E-17 

3.8 

E-18 

9.5 

E-19 

2.5  E 

02 

3.9 

E-18 

1.0 

E-18 

1.5  E 

02 

1.3 

E-l  7 

3.2 

E-18 

1.3 

E-18 

2.0  E 

02 

1.2 

E-17 

3.0 

E-18 

1.2 

E-18 

4.0  E 

02 

8.6 

E-18 

2.2 

E-18 

9.3 

E-19 

6.0  E 

02 

6.8 

E-18 

1.8 

E-18 

7.2 

E-19 

8.0  E 

02 

5.7 

E-18 

1.5 

F.-18 

5.8 

E-19 

1.0  E 

03 

5.0 

E-18 

1.3 

F.-18 

5.1 

E-19 

References:  2^-P  state  below  150  keV,  J.  T.  Park  and  F.  D.  Showengerdt,  Phvs. 

Rev.  185,  152  (1969).  3^P  and  4^P  states  below  150  keV,  J.  Van 

der  Bos  et  al.,  Physica  40,  357  (1968).  All  data  above  150  keV 
by  R.  Hippier  and  K.  H.  Shartner,  J.  Phys.  B ]_,  618  (1974). 


Notes:  (a)  There  is  a clear  discrepancy  in  absolute  magnitude  between  the 

data  sets  at  150  keV,  although  the  relative  variation  with 
energy  seems  reliable.  It  seems  like’y  that  the  higher  energy 
data  are  the  more  accurate. 

(b)  The  cross  sections  may  be  reliably  extrapolated  to  higher  energies 

A 

by  using  the  formula  o - f In  B E where  E is  energy  and  A and  B 
may  be  found  by  fitting  to  the  data  above  300  keV. 

(c)  Numerous  other  studies  of  helium  excitation  by  H+  have  been  published. 
Data  for  4's  and  4*D  formation  is  given  in  Vol  I,  pages  346  and  347. 
For  other  levels  see  the  compilation  by  Thomas  ("Excitation  in  Heavy 
Particle  Collisions",  Wiley,  N.  Y.  1971,  pages  126  through  134). 


(d)  The  triplet  states  of  helium  are  not  excited  by  H+  impact. 
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Graphical  Data  B-2.29.  Cross  sections  for  formation  of  the  He(n^P) 

states  by  H+  impact  on  He.  Data  shown  by  open  points  are  repro- 
duced from  the  table  on  page  1558.  Other  lines  should  be  ignored. 
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Tabular  Data  B-2.30.  Excitation  of  He  by  H°  impact. 


H°  + He  "*■  H°  + Hefn^S,  n3P,  n*D) 
•*  H°  + He(n3S,  n3P,  n3D) 


Energy 

keV 

43S 

2 

Cross  Section  cm 

4*P 

4 

3d 

1.0  E 

01 

2.6 

E-20 

2.0  E 

01 

4.1  E-19 

1.2 

E-19 

9.1 

E-20 

3.0  E 

01 

4.2  E-19 

1.9 

E-19 

7.7 

E-20 

4.0  E 

01 

3.7  E-19 

8.4 

E-20 

6.0  E 

01 

3.3  E-19 

8.0 

E-20 

8.0  E 

01 

2.7  E-19 

6.4 

E-20 

1.0  E 

02 

1.6  E-19 

5.5 

E-20 

Energy 

keV 

43S 

Cross  Section  cm 

43P 

43D 

1.0  E 01 

3.6  E-19 

2.0  E 01 

1.0  E-18 

3.7  E-19 

1.7  E-19 

3.0  E 01 

8.9  E-19 

1.7  E-19 

9.6  E-20 

4.0  E 01 

5.4  E-19 

6.7  E-20 

6.0  E 01 

2.5  E-19 

4.4  E-20 

8.0  E 01 

1.2  E-19 

3.4  E-20 

1.0  E 02 

8.5  E-20 

2.8  E-20 

References:  W.  G.  F.  Blair  and  H.  B.  Gilbody,  J.  Phys.  B (>,  483  (1973).  J. 
Van  Eck  et  al. , Physica  30,  1171  (1964). 

1 1 

Notes:  (a)  These  data  for  4 S,  and  4JS  supersede  those  on  pages  336  and  337 

of  Vol.  I. 

(b)  Other  data  on  formation  of  excited  states  are  to  be  found  in  the 
compendium  by  Thomas  ("Excitation  in  Heavy  Particle  Collisions", 
Wiley,  N.  Y.  1971,  pages  137  to  139). 


» 


4 


' 


! 
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(a)  Cross  sections  for  excitation  of  the  Is,  and  Is.  levels  shown  as 

i.  

dashed  lines  and  inverted  triangles.  Cross  sections  for  emission 

o o 

of  the  734  A (ls^  ground  state)  and  744  A (ls^  ■+•  ground  state) 

lines  are  shown  as  open  circles.  Other  lines  are  for  excitation 
by  equivelocity  electrons  and  may  be  ignored. 


(b)  Cross  sections  for  excitation  of  the  Is,  and  Is,  levels  shown  as 

^ ^ O 

dashed  lines.  Cross  sections  for  emission  of  the  1067  A (Is, 

O 4 

-►  ground  state)  and  1048  A (IS2  ■*  ground  state)  lines  shown  as 

open  triangles  and  open  circles,  respectively.  Other  lines  and 
data  points  are  for  excitation  by  equivelocity  electrons  and  may 
be  ignored. 


Graphical  Data  B-2.32.  Cross  sections  for  formation  of  excited  Ne  and 

Ar  by  H+  impact.  The  data  were  taken  from  the  work  of  Hionler  and 
Schartner,  Z.  Physik  270,  225  (1974)  and  York  et  al.,  Phys.  Rev.  A b, 
1497  (1972). 
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Proton  energy  (Mev) 

Graphical  Data  B-2.34.  Cross  sections  for  excitation  of  heavy  rare 
gases  by  protons  — emission  of  Ar  I and  Ar  II  lines.  [Emission 

2 o 

cross  sections  for  the  Ar  I 4200  X (5p*^  -*  4s)  and  Ar  II  4431  A 
4 o 4 "f 

(4p  P 2 -*■  3d  ^5/2^  l*nes  by  H impact  on  Ar.  E.  W.  Thomas, 

J.  Phys.  B 2,  625  (1969). ] 


M*_*.  N# 


■ i — — i r 1 r - t « — 

0 S tO  15  20  2 5 30  35 

E(keV) 

Graphical  Data  B-2.35.  Cross  sections  for  excitation  of  heavy 
rare  gases  by  protons  - emission  of  Ne  I lines.  [Emission  cross 

sections  of  certain  Ne  I 3p  * 3s  transitions  by  li+  impact  on  Ne. 
F.  J.  de  lleer  and  J.  Van  Eck  "Atomic  Collision  Processes,"  North 
Holland  Publishing  Co.,  Amsterdam,  635  (1964).  Note  that  this 
paper  has  additional  data  on  other  Ne  I lines.] 
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Tabular  Data  B-2.36.  Cross  sections  for  emission  of  the  1606  A and 

° + 

4180  A H.,  bands  by  H impact. 


Energy 

(keV) 

Emission 

Cross 

( cm2  ) 

Section 

1606 

8 Rand 

4 1808 

! Band 

2.0 

£ 

01 

3.3 

E-18 

3.0 

2 

01 

4.5 

E-18 

4.0 

2 

01 

5.0 

E-18 

5.0 

2 

01 

5.2 

E-18 

6.0 

E 

01 

5.2 

E-18 

8.0 

E 

01 

5.0 

E-l8 

1.0 

r. 

02 

4.7 

E-18 

1.5 

2 

02 

8.0 

E-21 

2.0 

£ 

02 

6.3 

E-21 

3.0 

E 

02 

4.3 

E-21 

4.0 

E 

02 

3.2 

E-21 

5.0 

E 

02 

2.5 

E-21 

6.0 

E 

02 

2.1 

E-21 

8.0 

E 

02 

1.6 

E-21 

9.0 

E 02 

1 .4 

S-21 

References : 


1606  8 Band:  D.A.  Dahlberg,  D.K.  Anderson,  and  I.E.  Davton,  Phys . Rev. 
170,  127  (1968). 

4l80  8 Rand:  J.L.  Edwards,  and  E.W.  Thomas,  Phys.  Rev.  , l6  (1968). 
Accuracy : 

Systematic  error  < 5 0 % for  1606  8 band;  systematic  error  < 20*  for  4l80  8 
band.  Random  error  < 10/5. 
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CROSS  SECTION  (cm2) 
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Tabular  Data  B-2.38.  Excitation  cross  sections  for  the  reactions 
H+  + H.,  -»  H+  + H + H(2s,2p,  3p) . 


Energy 

(keV) 

Cross 

Sections  for  Excited 
(cm2  ) 

State  nH 

2s_ 

1.0  E 

00 

7.0 

E-l8 

5.0  E 

00 

1.3 

E-18 

9.3 

E-l8 

6.0  E 

00 

2.6 

E-l8 

1.1 

E-17 

7.0  E 

00 

3.5 

E-l8 

1.8 

E-17 

8.0  E 

00 

1.1 

E-l8 

2.2 

E-17 

1.0  E 

01 

1.7 

E-18 

2.8 

E-17 

1.5  S 

01 

5.8 

E-l8 

3.2 

E-17 

2.0  E-18 

2.0  E 

01 

6.1 

E-18 

3.0 

E-17 

2.1  E-18 

3.0  E 

01 

7.2 

E-18 

2.5 

E-17 

1.2  E-18 

1.0  E 

01 

2.1 

E-17 

5.0  E 

01 

1.8 

E-17 

6.0  E 

01 

1.6 

E-17 

7.0  E 

01 

1.5 

E-17 

8.0  E 

01 

1.1 

E-17 

1.0  E 

02 

1.2 

E-17 

References : 

H+  + H2  H+  + H + H(  2s ) : J.H.  Birely  and  R.J.  McNeal , Phys . Rev.  A 5_, 

692  (1972);  E.P.  Andreev,  V.A.  Ankudinov,  and  S.V.  Bobashev,  Fifth 
International  Conference  on  the  Physics  of  Electronic  & Atomic  Collisions: 
Abstract  of  Papers,  p . 309 , Publishing  House  Nauka,  Leningrad,  USSR  (1967). 

H + H2  -*•  H+  + H + H(2p):  J.H.  Birely,  R.J.  McNeal,  Phys.  Rev.  A 5_, 

692  (1972);  R.H.  Hughes,  T.J.  King,  and  Song-Sik  Choe , Phys.  Rev.  A 5., 

611  (1972). 

H + H2  ■*  H + H + H(3p):  E.P.  Andreev,  V.A.  Ankudinov,  and  S.V.  Bobashev, 
Fifth  International  Conference  on  the  Physics  of  Electronic  & Atomic 
Collisions:  Abstract  of  Papers,  p . 309 , Publishing  House  Nauka,  Leningrad, 
USSR  (1967). 


Accuracy: 

Systematic  error  < 50?  for  H(2s)  and  H(2p);  systematic  error  < 20?  for 
H(3p).  Random  error  < 10?. 
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Graphical  Data  B-2. 19.  Cross  sections  for  formation  of  excited  H in 
the  target  when  protons  are  incident  on  H , . (Tabular  data  are 
presented  on  page  1568). 


* 
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Tabular  Data  B-2.40. 


Cross  sections  for  excitation  of  molecular 


oxygen 


by  H+ 


impact . 


E-*-6A 

P-A-6C 

8-*.-  13A 

CUF  AY 

ET 

AL  . 

( 1781 

’HO* AS 

ET 

AL.  1230) 

CUE  AY  E T AL  • 

( 178  1 

ENE  RGY 

CROSS 

ENE  RGY 

CROSS 

ENE  RGY 

CROSS 

(N(V) 

S1CTIEN 

(KEV  1 

S EC  1 If  N 

(KEV  I 

SECT  ION 

(SO.  CM1 

(SQ.  CH| 

(SQ.  CHI 

:.'.*ce 

01 

1.60E-17 

1 .SOE 

02 

5 •*><*£-  18 

2.00E  01 

2.70E- 17 

J.C0E 

01 

1 .30E  - 17 

2.0CE 

02 

5.  C*E - 1 8 

2. OCE  01 

2.20E-17 

‘.c'CE 

01 

1 . 106-17 

2 . 50  f 

02 

IOC-18 

5 .00f  01 

1.80E- l 7 

P.CCE 

01 

9, 7CE-  Id 

3. CCE 

02 

3 .91 E -18 

e.ooE  01 

l .601-17 

1.50E 

C 2 

8.75E-18 

3.5CE 

02 

3.50E-  18 

1.50E  02 

1.956- 1 7 

-J . C C E 

02 

7.  85E-  1 8 

*.00E 

02 

3.25E-18 

3.00E  02 

1 . 30  E - 1 7 

* .CCE 

C 2 

7 . 30E-  18 

4.5CE 

02 

3.23F  - 18 

‘.COE  02 

l m 20i -l 7 

5 .COE 

02 

2 .83E-  18 

a.  COE 

0? 

2. 746-18 

e-*- ta 

7 ,0CE 

02 

2 • 5 1 E - 18 

P-*-12B 

► U&R  E S 

ET 

AL  . 

. 1 10*1 

8.  OCE 

02 

2 • 3*  f - 1 8 

HUGHES  ET  At, 

. (1851 

ENEPGV 

CROSS 

ENERGY 

CROSS 

(KE  V) 

SECT  ICN 

(KEV) 

SECT  ICN 

ISO.  CHI 

ISO.  CHI 

5. OCE 

00 

l.*5f-  l 7 

? .COE 

00 

2.216*17 

6. COE 

00 

1 .5TE-  17 

E.CCE 

0? 

2 . *0E - 1 7 

8. OCE 

00 

1.771 -17 

8.00E 

CO 

2. 716-17 

1 .00E 

01 

1 . 88E-  l 7 

1 • COE 

01 

2.666-17 

1.10  6 

01 

1.92C-17 

1 . 10E 

0) 

2. 9*E-  1 7 

1. 20E 

Cl 

1. esc  - l 7 

1.2CE 

01 

2 . 86  E - 1 7 

1 . 3C  F 

01 

l .86E-  17 

1.20E 

01 

2. 8*6-17 

l.*C» 

01 

I.82E-17 

1 .*06 

01 

2 .79E-  17 

1 .50E 

Cl 

1.776-17 

1.  SOE 

01 

?. 716-17 

1 .ACE 

01 

1 .706-17 

1 .60E 

01 

2.60E-  17 

l • 8Cf 

Cl 

I .63t-  1 7 

1.8CE 

01 

2 . SO  E - 1 7 

2 .00 E 

01 

1 .57E-17 

2. OCE 

01 

2.*0E-  1? 

'.CCE 

Cl 

1. 3SE -l  7 

3. OCE 

01 

2 .06  E - 1 7 

*.OOE 

01 

1.216-17 

A. COE 

01 

1. 8AE-1 7 

5. CCE 

Cl 

1 . ME  -I  7 

« .00E 

01 

1 . 72E-  17 

6.0UE 

01 

1 . t RE  - 1 7 

E . COE 

01 

1 .661-17 

7. OCE 

01 

1 .0*«-l  7 

7.00E 

Cl 

1.S9E-  17 

8.  COE 

01 

1.07E - 1 7 

8.006 

01 

1 .55  6-1 7 

9. OCE 

Cl 

fl.cn-  18 

5.  OCE 

Cl 

1. 51E-17 

1.0CF 

02 

*. 7fcE -1* 

1 .00  E 

02 

l .*9E- 17 

l . ICE 

02 

R.AOE-  18 

1.  ICE 

02 

1 .*76-17 

1.2CE 

02 

9. 43| -18 

1.20E 

02 

1 .**6-  17 

I.  *c* 

C2 

9.  |H-  18 

1.3CE 

0? 

1 .396-17 

e-*-i3c 
IHOMAS  ET  AL 

ENERGY 

ike  v i 


1.50E  C2 
? .00 E 0? 
2.50E  02 
3 .©Of  02 
3.506  0? 
*.006  02 
A.5CE  0? 
5.00E  02 
6.00E  02 
7.00E  02 
8 .COE  0 2 
9.006  02 


(a)  (b) 

(a)  Cross  sections  for  emission  of  the  5632  8,  62  fb  -+  a ^JTU  (1,0)] 

negative  band. 

(b)  Cross  sections  for  excitation  of  the  02*  I ^ 'g  (v=l)]  level. 


References : Dufay  et  al.,  Ann.  Geophys.  ^22,  615  (1966).  Hughes  et  al.,  Phvs 

136,  A1222  ( 19b4) , Thomas  et  al.,  J.  Phys.  B 1,  233  (1968). 


Notes : Numerous  other  data  sets  for  other  levels  are  to  be  found  in  the 

dium  by  Thomas  ("Excitation  in  Heavy  Particle  Collisions",  Wiley 
1972)  pages  288  to  292.  The  above  tables  are  from  this  source. 


. (2301 

CROSS 
SECT  1CN 
(SO.  CH| 

9. S0F-  18 
8. 10E-18 
6.606-1 8 
6.3C6- 18 
S.feOE -18 
S.20E-  18 
5.206-18 
*.506-  18 
* .*06-18 
* • 00C  “16 
3.701*18 
3 .506-18 


first 


. Rev. 


compen- 
, N.  Y., 
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Cross  sec  t ion  (cm^ 


Proton  energy  (Mev) 


Graphical  Data  B-2.41.  Cross  sections  for  emission  of  the  5b32  A 0; 

first  negative  band  excited  by  H+  on  0 . Partial  representation  of 
data  from  table  (a)  on  page  1570. 


Tabular  IVit a B-2.42.  Cross  sections  for  excitation  of  the  4416  A 
0 II  line  by  !1+  impact  on  0,. 


e-<.-2  a 

8-<*-2C 

TUFAY  £ T Al  . 

( 179  ) 

THCMAS  ET 

AL.  1230) 

ENERGY 

CROSS 

ENERGY 

CROSS 

<KEV  > 

SECT  I ( N 

IKE  V ) 

SECT  ICN 

(SO.  CM) 

1 SO.  CM) 

<*.00E  01 

5.20E-  19 

1.5C6  0? 

2 . 09  E - 1 9 

5. 006  01 

5.101-1  * 

2. 00E  02 

1 . 766-  19 

6. 0CF  01 

5. ICE-  19 

2.506  02 

1 .276-  19 

7.0CE  01 

<.  .*06-19 

3.00E  02 

1 . COE-19 

8.00E  01 

*.  30E-19 

3.50E  02 

8.20E-2C 

1.00E  02 

3.*CE-  19 

A. COE  C2 

7 , OOF -20 

1.2CF  02 

3 .80E -19 

*.50C  02 

6. CCE-20 

1.50E  0? 

2. 30E-  19 

5.00E  02 

5 . 30E-20 

2 • 00F  02 

2.00 F -19 

E.CCE  02 

A. *06-20 

3.0CF  02 

l. *06-19 

7 .00  E 02 

3 .706-20 

4.00E  02 

l . 15E-  19 

8.0CE  02 

3.20E -20 

5.0CE  02 

1.00E-19 

9.00E  02 

2.801  - 20 

1.00E  03 

2 .506 -20 

These  data  are  cross  sections  for  the  emission  of  the  4415  and  4417  8 
lines  (unresolved)  in  the  3p  ^D°  -*■  3s^P  multiplet  of  0 II. 

References:  Dufay  et  al.,  Ann.  Geophys.  22,  615  (1966).  Thomas  et  al.,  J. 
Phys.  B 233  (1968). 

Notes : Other  data  sets  for  0 I and  0 II  lines  can  be  found  in  the 

compendiur  v Thomas  ("Excitation  in  Heavy  Particle  Collisions", 
Wilev,  N.  Y.  ’2)  pages  288  to  292.  The  above  tables  are  from 
this  source. 
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Graphical  Data  B-2.43.  Cross  sections  for  emission  of  the  4415  and 

• + 

4417  A lines  (unresolved)  of  0 II  by  II  impart  on  0^.  (Tabular 

data  are  presented  on  page  1572). 
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Numerous  other  measurements  for  other  transitions  are  given  in 
tabular  form  in  the  compendium  by  Thomas  ("Excitation  in  Heavy 
Particle  Collisions",  Wiley,  N.  Y.  1972)  pages  269  to  283. 


Scaling  Law  B-2.46.  Cross  sections  for  excitation  of  by  proton  impact  on 
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level  excitation  0.164 


ENERGY,  kev 

O 

Graphical  Data  B-2.47.  Cross  sections  for  emission  of  the  3916  A 

B + ■+  X + (0,0)  f irst negat  i ve  band  of  N + induced  by  H°  impact 
u g 

on  N,,.  These  data  are  drawn  from  the  review  by  McNeal  and  Birely 

[Rev.  Geophys.  and  Space  Physics  11 , 633  (1973)]  and  represent  an 
objective  judgement  as  to  the  best  data.  To  estimate  cross  sec- 
tions for  emission  of  other  transitions  in  this  system,  or  for 
excitation  of  specific  levels,  we  suggest  use  of  the  above  data 
with  the  multiplicative  factors  shown  in  the  Scaling  Law  B-2.46. 


L5 


ENERGY  (keV) 

O 

Graphical  Data  B-2.48.  Cross  sections  for  emission  of  the  3371  A 

C ^ . - B (0,0)  second  positive  band  of  N,  induced  by  H impact 
u g y 2 

on  N,.  These  data  are  drawn  from  J.  H.  Birelv,  Phys.  Rev.  A 10, 

550  (1974).  Note  protons  do  not  excite  this  system. 


5' 

Proton  energy  C ke V ) 

o 

Graphical  Data  B-2.49.  Cross  sections  for  emission  of  the  5005  A 
° + 

N II  and  4649  A 0 II  lines  induced  by  H impact  on  NO.  From  J.  M. 
Robinson  and  H.  B.  Gilbody,  Proc.  Phvs  Soc.  (London)  92,  589  (19b7) 


^ cm/mol. 


Graphical  Data  B-2.50.  Cross  sections  for  various  emissions  induced 

by  H+  impact  on  CO.  The  lower  three  curves  with  data  points  are 

for  emission  of  the  2837  and  4267  X lines  of  0 II  and  the  7771  X 
line  of  0 I.  The  upper  two  curves  with  data  points  are  emission 
cross  sections  for  the  0-0  band  in  the  first  negative  system  of 

C0+  and  the  2-0  band  in  the  comet  trail  system  of  CO  . Also  shown 
(without  data  points)  are  estimates  of  cross  sections  for  formulation 

2 + 

of  the  v = 0,  1,  2,  and  3 vibrational  levels  of  the  B E CO  state 

2 + 

and  also  for  the  v = 0,  1,  2,  3 levels  of  the  A CO  state.  From 
Poulizac  et  al.  , Ann.  Astrophvs.  3^0,  301  (1967). 
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Tabular  Data  B-2.55.  Cross  sections  for  production  of 
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Further  information  on  the  yield  and  energy  distribution  of  fragments  for 
1 MeV  He+  impact  is  to  be  found  in  the  work  of  A.  K.  Edwards  et  al.,  Phys. 


ENERGY  (keV) 


Graphical  Data  B-2.56.  Cross  sections  for  production  of  secondary 
ions  by  He  impact  on  N7.  (Tabular  data  were  presented  on 
page  1585) . 
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Energy  Ckev) 


Graphical  Data  B-2.57.  Cross  sections  for  formation  of  various 

secondary  ions  in  an  H,  target  due  to  He+  impact.  Open  data 

points  are  cross  sections  for  specific  secondary  ions;  closed 
points  are  total  cross  sections  for  formation  of  all  positive 
ions.  Other  lines  should  be  ignored.  From  R.  Browning, 

C.  J.  Latimer,  H.  B.  Gilbody,  J.  Phys.  B 2,  534  (1969).  Further 

information  on  the  yield  of  H+  and  the  kinetic  energy  of  H+ 

fragments  for  0.5  to  4 MeV  He  impact  is  to  be  found  in  A.  K. 
Edwards  et  al. , Phys.  Rev.  A 16,  1385  (1977). 
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He  BEAM  ENERGY  (MeV) 


Graphical  Data  B-2.89.  Cross  section  for  free  electron  production  in 

2+ 

He,  Ar,  H,,and  N,  targets  hv  He  impact.  L.  J.  Puckett  et  al., 
Phys.  Rev.  1 78,  271  (1989). 


30 


I 


T 


He  BEAM  ENERGY  (MeV) 

Graphical  Data  B-2.60.  Cross  sections  for  slow  positive  ion  production 

2 + 

in  He,  Ar,  H ,,  and  N,  targets  due  to  He  impact.  I..  J.  Puckett  et  al 

Phys.  Rev.  178,  271  (1969).  In  addition  to  ionization  of  the  target, 
this  includes  ion  production  as  a result  of  electron  pick  up  by  the 
projectile. 


Energy  (keV) 


Energy  (keV) 

(b) 


(a) 


Graphical  Data  B-2.61.  Cross  sections  for  formation  of  various 

3 2+ 

secondary  ions  by  He  impact  on  (a)  H,?  and  (b)  CO.  Open 

points:  secondary  ion  data;  closed  points:  total  cross 

sections  for  formation  of  all  secondary  ions.  Neglect  dashed 

3 2+ 

lines.  Note  data  are  for  the  mass  3 isotope  of  helium.  He  , 
and  are  given  in  terms  of  this  projectiles'  impact  energy.  The 

A 2+ 

equivalent  data  for  He~  impact  (the  mass  A isotope)  can  be  gen- 
erated by  multiplying  the  energy  scale  by  A/3.  W.  G.  Graham, 

C.  J.  Latimer,  R.  Browning  and  H.  B.  Gilbody,  J.  Phys.  B 7,  L A05 


keV  KeV 

(a)  (b) 

Graphical  Data  B-2.66.  Cross  sections  for  formation  of  various  secondary 
ions  by  He°  impact  on  (a)  0,,  (b)  CO.  Open  points,  secondary  ion  data; 

closed  points,  total  cross  section  for  formation  of  all  secondary  ions; 
neglect  other  curves.  R.  Browning,  C.  J.  Latimer  and  H.  B.  Gilbody, 

J.  Phys.  B 2,  667  (1970) . 
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Graphical  Data  B-2.67.  Cross  sections  for  formation  of  various 

secondary  ions  by  He°  impact  on  (a)  CO,  and  (b)  CH^.  Open  points 

secondary  ion  data;  closed  points,  total  cross  sections  for  forma 
tion  of  all  secondary  ions.  R.  Browning,  C.  -J . Latimer  and 
H.  B.  Gilbody,  J.  Phvs.  B 2,  667  (1970). 
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pages  378,  379,  388  and  389. 


Qj 

3C 


Graphical  Data  B-2.68.  Cross  sections  for  stripping  of  one  and  two  electrons  from  He 
versing  He  and  Ne. 
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Energy  (keV) 

(a)  Cross  sections  for  stripping  one  electron  from  He°  (aQj)  and  one 
electron  from  He+  (Oj,,) . The  data  were  taken  from  the  compendium 
by  R.  C.  Dehmel  et  al.,  Atomic  Data  5^,  231  (1973). 
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triangles  and  two  upper  solid  lines)  and  stripping  one  electron 
from  He+  (a  ).  The  data  were  taken  from  the  compendium  by 
R.  C.  Dehmel  et  al. , Atomic  Data  5,  231  (1973). 


5 


1 *'*■ 
O 

fM 

E 5’ 


2> 

10  17 


ENERGY (MeV| 


O / V 

(b)  Cross  sections  for  stripping  one  electron  from  He  l°oi'  ana 
two  electrons  from  He1"  (o^j).  The  data  were  taken  from 
P.  Hvelplund  and  E.  H.  Pedersen,  Phys.  Rev.  A 9^  2434  (1974). 

Graphical  Data  B-2.70.  Cross  sections  for  stripping  of  one  and  two 
electrons  from  He^  and  He  traversing  Kr. 

1600 


Energy  (keV) 


(b)  Cross  sections  for  stripping  one  electron  from  He°  as  it  traverses 
0,,.  The  data  were  taken  from  the  compendium  by  R.  C.  Dehmel  et  al. 

Atomic  Data  5,  231  (1973). 


Graphical  Data  B-2.72. 
electrons  from  He  and 


Cross  sections  for 
He  traversing  H, 


stripping  of 
and  0o. 


one 


and 


two 
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(a)  Cross  sections  for  stripping  one  electron  from  He°  (a^)  and  one 
electron  from  He+  (a^,,).  The  data  were  taken  from  the  compendium 
by  R.  C.  Dehmel  et  al.  , Atomic  Data  5^  231  (1973). 


ENERGY (MeV) 

(b)  Cross  sections  for  stripping  one  electron  from  He°  (0gp)  and  two 
electrons  from  He°  (o^).  The  data  were  taken  from  P.  Hvelplund 
and  E.  H.  Pedersen,  Phys.  Rev.  A 9^  2434  (1974). 

Graphical  Data  B-2.73.  Cross  sections  for  stripping  of  one  and  two 
electrons  from  He°  and  He+  traversing  • 
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Tabular  Data  B-2.74. 
and  Xe. 


Electron  capture  by 


He  in  He, 


Ne,  Ar,  Kr, 


He+  + X ■*  .He  + X + 


(For  capture  In  He  see  Vol.  X,  page  374,  375) 


2 

Cross  Section  (cm") 


Energy 

keV  Ne  Ar  Kr  Xe 


2. 

.0 

E-01 

2 , 

.0 

E-17 

1. 

.0 

E-16 

1. 

,0 

E-16 

1. 

.4 

E-15 

4. 

.0 

E-01 

3. 

.0 

E-17 

1. 

.3 

E-16 

2. 

,0 

E-16 

1. 

. 3 

E-15 

6, 

.0 

E-01 

5. 

.0 

E-17 

1. 

.5 

E-16 

2. 

.9 

E-16 

1 

.3 

E-15 

8. 

.0 

E-01 

8. 

.0 

E-17 

1. 

9 

E-16 

4. 

0 

E-16 

1. 

.2 

E-15 

1. 

.0 

E00 

1. 

. 1 

E-16 

2. 

. 1 

E-16 

5. 

.0 

E-16 

1 , 

.2 

E-15 

2. 

.0 

E00 

2. 

. 3 

E-16 

3. 

,0 

E-16 

7. 

1 

E-16 

1, 

.1 

E-15 

4. 

.0 

E00 

5. 

.8 

E-16 

4. 

.2 

E-16 

8. 

,5 

E-16 

1. 

. 3 

E-15 

6. 

.0 

E00 

7. 

.4 

E-16 

5. 

,0 

E-16 

8. 

6 

E-16 

1. 

.2 

E-15 

8. 

.0 

E00 

7. 

.3 

E-16 

5. 

, 1 

E-16 

8. 

.7 

E-16 

1. 

.1 

E-15 

1. 

.0 

E01 

7. 

. 1 

E-16 

5. 

.4 

E-16 

8. 

,7 

E-16 

1. 

. 1 

E-15 

2. 

.0 

E01 

6, 

.5 

E-16 

7. 

,5 

E-16 

9. 

0 

E-16 

1. 

.1 

E-15 

4. 

.0 

E01 

4. 

. 3 

E-16 

6. 

.1 

E-16 

9. 

.0 

E-16 

9 

.8 

E-16 

6, 

.0 

E01 

3. 

.5 

E-16 

6. 

.0 

E-16 

8. 

,5 

E-16 

1 

.1 

E-15 

8. 

.0 

E01 

3. 

.0 

E-16 

5. 

.2 

E-16 

7. 

,5 

E-16 

1 . 

.0 

E02 

2. 

.4 

E-16 

4. 

.6 

E-16 

6. 

, 5 

E-16 

2. 

.0 

E02 

1, 

.5 

E-16 

2. 

.0 

E-16 

3. 

.0 

E-16 

4 

.0 

E02 

1, 

.0 

E-16 

6. 

.0 

E-17 

8, 

.5 

E-17 

6. 

.0 

E02 

2, 

.0 

E-17 

3. 

.0 

E-17 

8, 

.0 

E02 

8. 

.0 

E-18 

1. 

.0 

E-l  7 

1. 

.0 

E03 

3. 

.6 

E-18 

5, 

. 1 

E-18 

1, 

.4 

E03 

. 4 

E-18 

2 , 

.2 

E-18 

1, 

.5 

E03 

1, 

. i 

E-18 

2. 

.0 

E-18 

References:  J.  B.  A.  Stedeford  and  J.  B.  Hasted,  Proc.  Roy.  Soc.  A227,  466 

(1955).  F.  J.  de  Heer  et  al . , Physlca  J32,  1793  (1966).  C.  F.  Barnett 
and  P.  M.  Stler,  Phys.  Rev.  109 , 385  (1958). 

H.  B.  Gilbody  et  al . , Proc.  Roy.  Soc.  A274 , 40  (1973).  Jones  et  al. , 
Phvs.  Rev.  113,  182  (1959).  Fedorenko  et  al.,  Soviet  Phvslcs  JTP  1, 
1861  (1956). 

L.  1.  Plvovar  et  al.,  Soviet  Physics  JETP  1_5,  1035  (1962). 

Notes:  He+  + Ne  The  tabular  data  are  basically  those  of  Stedeford  and 

Hasted,  Barnett  and  Stler,  and  of  Gilbody  et  al. 

He+  + Ar  The  tabular  data  are  basically  those  of  Stedeford  and 
Hasted,  Barnett  and  Stler,  and  of  Plvovar  et  al . 

He+  + Kr  The  tabular  data  are  basically  those  of  Stedeford  and 
Hasted,  Gilbody  et  al.  and  of  Plvovar  et  al. 
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Graphical  Data  B-2.75.  Cross  sections  for  single  electron  capture 

by  He+  in  (a)  Ne,  (b)  Ar,  (c)  Kr.  Partial  representations  of 
available  data  only;  it  is  recommended  that  the  tabular  data  on 
the  preceding  page  be  utilized. 
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Tabular  Data 
H9,  0.,  and 


B-2.76.  Electron 
N,?.  (For  capture 


capture  cross  sections  for  He+  in 
in  H 9 see  Vol  I pages  374,  375). 


Energy  Cross  Sections 

(keV)  (cm' ) 


0 1 n 

0 1 0 

He++N2»He° 

He  +09-He 

1.0 

E-03 

6.0 

E-15 

2.0 

E-03 

5.2 

E-15 

3.0 

E-15 

5.0 

E-03 

4.0 

E-15 

2.7 

E-15 

1.0 

E-02 

3.0 

E-15 

2.2 

E-15 

2.0 

E-02 

2.1 

E-15 

1.8 

E-15 

5.0 

E-02 

1.4 

E-15 

1.4 

E-15 

1.0 

F.-01 

1.2 

E-15 

1.3 

E-15 

2.0 

E-01 

1.1 

E-15 

1.3 

E- 13 

5.0 

E-01 

9.7 

F.-16 

1.2 

E-15 

1.0 

E 00 

9.2 

E-16 

1.1 

E-15 

2.0 

E 00 

8.6 

E-16 

1.0 

E-15 

5.0 

E 00 

8.0 

F.-16 

9.4 

E-16 

1.0 

E 01 

7.5 

F.-16 

8.6 

E-16 

2.0 

E 01 

7.0 

F.-16 

7.7 

E-16 

5.0 

E 01 

6.2 

E-16 

6.5 

E-16 

1.0 

E 02 

4.7 

E-16 

4.8 

E-16 

2.0 

E 02 

2.5 

F.-16 

3.0 

E-16 

5.0 

F.  02 

6.0 

E-17 

1.0 

E 03 

9.2 

cc 

w—4 

1 

w 

1.5 

E 03 

2.5 

E-18 

References : 

He++N-:  C.  F.  Barnett  and  P.  M.  Stier,  Phys.  Rev.  109,  385  (1958);  F.  J. 

De  Heer,  J.  Schutten,  and  H.  Moustafa,  Phvsica  ^2,  1793  (1966);  D.  W. 

Koopman,  Phys.  Rev.  166 , 57  (1968);  R.  C.  C.  Lao,  R.  Rozett,  and  W.  S. 

Koski,  J.  Chem.  Phys.  4jl,  4202  (19o8);  P.  Mahadevan  and  C.  D.  Magnuson, 

Fifth  Int.  Conf.  on  Electron  and  Atomic  Collisions,  p.  405,  Leningrad 
(1967);  V.  S.  Nikolaev,  I.  S.  Dmitriev,  L.  N.  Fateeva,  and  Ya.  A.  Teplova, 

Sov.  Phys.-JETP  1_3,  695  (1961);  L.  I.  Pivovar,  V.  M.  Tubaev,  and  M.  T.  Novikov, 
Sov.  Phys.-JETP  14^,  20  (1962);  R.  F.  Stebbings,  J.  A.  Rutherford,  and  B.  R. 
Turner,  Planet.  Space  Sci.  ^3,  1125  (1965);  R.  F.  Stebbings,  A.  C.  H.  Smith, 
and  E.  Ehrhardt,  J.  Chem.  Phys.  39,  968  (1963). 

He++02:  C.  F.  Barnett  and  P.  M.  Stier,  Phvs.  Rev.  K)9,  385  (1958);  F.  J.  De 
Heer,  J.  Schutten,  and  H.  Mostafa,  Physica  32,  1793  (1966);  W.  L.  Fite,  A.  C.  H. 
Smith,  R.  F.  Stebbings,  and  J.  L.  Rutherford,  J.  Ceophys.  Res.  6j?,  3225  (1963); 
D.  W.  Koopman,  Phys.  Rev.  166,  57  (1968);  P.  Mahadevan  and  G.D.  Magnuson,  Fifth 
Int.  Conf.  on  Electron  and  Atomic  Collisions,  p.  405,  Leningrad  (1967);  P. 
Mahadevan  and  C.  D.  Magnuson,  Phys.  Rev.  171,  103  (1968);  R.  F.  Stebbings,  A.  C. 
H.  Smith  and  E.  Ehrhardt,  J.  Chem.  Phys.  968  (1963). 

Accuracy : 

He++N2:  * 2551. 

He++02:  ± 2551. 
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Graphical  Data  B-2.77.  Cross  sections  for  capture  of  one  electron  by  He  impact  on  and 
Tabular  data  on  preceding  page. 


Tabular  Data  B-2.78.  Electron  capture  cross  sections  for  He^  in 


CO.,  and  H O. 


Energy 

keV 


(Fragmentary  Data) 
He+  + X ->•  He  + X+ 


Cross  Section 
(cm^) 


1.0  E-01 

2.0  E-01 

4.0  E-01 

6.0  E-01 

8.0  E-01 

1.0  E00 
1.4  E00 


1.1  E-15 

1.0  E-15 

9.0  E-16 

8.5  E-16 

8.0  E-16 
7.9  E-16 

7.6  E-16 


1.2  E-16 

9.0  E-17 

8.5  E-17 

8.0  E-17 

7.5  E-17 

7.0  E-17 
6.8  E-17 


Reference:  D.  W.  Koopman,  Phys.  Rev.  166,  57  (1968). 


10  20  *0  60  100  200  400600  1000 

*H*"  ENERGY (k*V) 

(a)  Compendium  of  data  for  and  02Q  drawn  from  the  work  of 

J.  E.  Bayfield  and  G.  A.  Khayrallah,  Phys.  Rev.  A JJ  , 920  ( 1975) 


I 2 14  6 1 


(b)  High  energy  data  for  from  the  work  of  P.  Hvelplund  et  al., 

J.  Phys.  B 9,  491  (1976).  The  data  are  shown  as  points;  all 
the  curves  relate  to  theoretical  estimates  and  may  be  ignored. 

Graphical  Data  B-2.79.  Electron  capture  cross  sections  for  He*'+  in  Ar. 


B-2.80. 


Electron  capture  cross  sections  for  He 


Tabular  Data 
in  H and  H? . 


Energy 

(keV) 


Cross  Sections 
(cm2) 


a21 

°21 

°20 

L + 

-H 

- "+■ 

-t-t 

He 

+H-*He 

He 

+Ho'>He 

He 

+H2^1 

5.3 

E- 

■01 

3.8 

E-17 

8.0 

E- 

■01 

7.8 

E-17 

1.3 

E 

00 

1.0 

E-16 

2.7 

E 

00 

8.4 

E-17 

1.3 

E-16 

5.3 

E 

00 

3.6 

E-16 

1.7 

E-16 

6.0 

E 

00 

4.2 

E-16 

1.8 

E-16 

8.0 

E 

00 

5.9 

E-16 

1.9 

E-16 

1.1 

E-17 

1.0 

E 

01 

7.0 

E-16 

2.5 

E-16 

1 . 1 

E-17 

2.0 

E 

01 

1.1 

E—  1 5 

4.8 

E-16 

1.9 

E-17 

5.0 

E 

01 

1.2 

E-15 

9.4 

E-16 

5.1 

E-17 

7.5 

E 

01 

1.1 

E-15 

9.7 

E-16 

5.6 

E-17 

1.0 

E 

02 

9.8 

E-16 

9.2 

E-16 

6.0 

E-17 

2.0 

E 

02 

2.9 

E-16 

4.7 

E-16 

4.0 

E-17 

5.0 

F. 

02 

1.8 

E-17 

8.0 

E-17 

2.2 

E-18 

7.5 

E 

02 

1.5 

E-17 

4.8 

E-l  9 

1.0 

E 

03 

5.2 

E-18 

1.6 

E-l  9 

1.4 

E 

03 

1.3 

E-18 

4.7 

E-20 

2.0 

E 

03 

3.0 

E-l  9 

3.0 

E 

03 

4.4 

E-20 

3.8 

F. 

03 

1.8 

E-20 

References : 

He+++H-»Re+ : W.  L.  Fite,  A.  C.  H.  Smith,  and  R.  F.  Stebbings,  Proc.  Roy.  Soc. 

London  A268,  527  (1962);  J.  E.  Bayfield  and  G.  A.  Khavrallah,  Phys.  Rev.  A 12 , 

869  (1975);  M.  B.  Shah  and  H.  B.  Gilbodv,  J.  Phys.  B7,  630  (1974).  W.  L.  Nutt 
et  al.,  J.  Phvs . BU,  1457  (1978);  M.  B.  Shah  and  H.  B.  Gilbodv,  J.  Phys.  Bll, 

121  (1978). 

He+++H2:  S.  K.  Allison,  Phys.  Rev.  109,  76  (1958);  S.  K.  Allison,  J.  Cuevas, 
and  P.  G.  Murphy,  Phys.  Rev.  102,  1041  (1956);  R.  A.  Baragiola  and  I.  B. 

Nemirovsky,  Nucl.  Inst,  and  Meth.  110,  511  (1973);  J.  E.  Bayfield  and  G.  A. 

Khayrallah,  Phys.  Rev.  A H_,  920  (1975);  P.  Hvelplund,  J.  Heinemeier,  E.  H. 

Pedersen  and  F.  R.  Simpson,  9th  Int.  Conf.  Atomc.  & Elect.  Coll.  p.  185, 

Seattle,  Wash.  (1975);  L.  I.  Pivovar,  M.  T.  Novikov  and  V.  M.  Tubaev,  Sov. 

Thys.-  JETP  1_5,  1035  (1962);  L.  I.  Pivovar,  V.  M.  Tubaev,  and  M.  T.  Novikov, 

Sov.  Phvs.-  JETP  14,  20  (1962);  M.  B.  Shah  and  H.  B.  Gilbody,  J.  Phvs.  B 7, 

256  (1974).  W.  L.  Nutt  et  al.,  J.  Phys.  B 11,  1457  (1978);  M.  B.  Shah  and 

H.  B.  Gilbody,  J.  Phys.  B JJ,  121  (1978);  P.  Hvelplund  et  al.,  J.  Phvs.  B 9,  491  (1976). 

Accuracy : 

He't"++H : + 40Z 

He+++H2:  + 40%. 
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Tabular  Data  B-2.82. 


Electron  capture  cross  sections  for  He 


In  Kr 


2+ 


2+  “P  + 

He  +Kr  -*■  He  +Kr 

2+ 

He+Kr 


Energy 

keV 


Cross  Section 


o2i  o2o 

He2++Kr  ->  He+  He2++Kr  -*•  He° 


2.0 

E 

01 

1.9 

E- 15 

4.3 

E-16 

4.0 

E 

01 

1.9 

E-15 

4.2 

E-16 

6.0 

E 

01 

1.8 

E-15 

3.9 

E-16 

8.0 

E 

01 

1.6 

E-15 

3.6 

E-16 

2.0 

E 

02 

7.0 

E-16 

4.0 

E 

02 

3.8 

E-16 

2.3 

E-l  7 

6.0 

E 

02 

1.4 

E-16 

4.1 

E-l  8 

8.0 

E 

02 

7.5 

E-l  7 

1.4 

E-18 

1.0 

E 

03 

4.5 

E-l  7 

8.0 

E-19 

1.2 

E 

03 

3.0 

E-l  7 

6.0 

E-19 

1.4 

E 

03 

2.0 

E-l  7 

5.8 

E-19 

1.5 

E 

03 

1.9 

E-l  7 

5.0 

E-19 

References:  M.  B.  Shah  and  H.  B.  Gilbody,  J.  Phys.  B 7_,  256  (1974); 

L.  I.  Pivovar  et  al.,  Soviet  Physics,  JETP,  _15,  1035  (1962). 

L.  I.  Pivovar  et  al.,  Soviet  Physics,  JETP,  J_4*  20  (1962). 

Note:  The  data  below  100  keV  are  by  Shah  and  Gilbody,  the  data 

above  100  keV  are  by  Pivovar  et  al.  One  may  reasonably 
interpolate  between  these  two  data  sets. 
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Tabular  Data 
it , , and  0 , . 


B-2.83.  Electron  capture 
(For  ll.7  target  see  Vol. 


cross  sections  for  He 
I,  pages  376  and  377.) 


in  N2, 


Energy  Cross  Sections 

(keV)  (cm2) 


°2 1 

°20 

°21 

°20 

He'* 

"+N2  "He+ 

He"1-1 

'+N2-*-He° 

3 He^-1 

h+02  -He+ 

3 He+++02->He 

1.0 

E 

01 

5.6 

E-16 

2.5 

E-16 

5.6 

E-16 

3.6 

E-16 

2.0 

E 

01 

8.9 

E- 16 

3.1 

E-16 

8.1 

E-16 

3.8 

E-16 

3.0 

E 

01 

1.1 

E-15 

3.3 

E-16 

8.4 

E-16 

3.7 

E-16 

5.0 

E 

01 

1.2 

E-15 

" 3.3 

E-16 

8.5 

E-16 

3.2 

E-16 

7.0 

E 

01 

1.2 

E-15 

3. 1 

E-16 

1.0 

E 

02 

1.1 

E-15 

2.6 

E-16 

2.0 

E 

02 

6.1 

E-16 

1.0 

E-16 

4.0 

E 

02 

2.0 

E-16 

1.2 

E-17 

7.0 

E 

02 

7.3 

E-17 

2.0 

E- 18 

1.0 

E 

03 

3.4 

E-17 

6.0 

E- 19 

1.5 

E 

03 

7.7 

E- 18 

1.4 

E-19 

Re  fe  rences : 

He++-t-N2:  J.  E.  Bayfield  and  G.  A.  Khayrallah,  Phys.  Rev.  A 11,  920  (1975); 

V.  S.  Nikolaev,  I.  S.  Dmitriev,  L.  N.  Fateeva,  and  Ya.  A.  Teplova,  Sov. 
Phys.-JETP  _13,  695  (1961);  V.  S.  Nikolaev,  L.  S.  Fateeva,  X.  S.  Dmitriev, 
and  Ya.  A.  Teplova,  Sov.  Phys.-JETP  1^4,  67  (1962);  L.  I.  Pivovar,  M.  T. 
Novikov,  and  V.  M.  Tubaev,  Sov.  Phys.-JETP  15 , 1035  (1962);  L.  I.  Pivovar, 

V.  M.  Tubaev,  and  M.  T.  Novikov,  Sov.  Phys.-JETP  14,  20  (1962);  M.  B. 

Shah  and  H.  B.  Gilbody,  J.  Phys.  B ]_,  256  (1974). 

He'H'+02;  M.  B.  Shah  and  H.  B.  Gilbody,  J.  Phys.  B ]_,  256  (1974). 

Accuracy : 

He^+N.,  - ± 20%.  He‘H'-HJ2  - ± 20%. 

Note:  Data  for  N2  targets  are  with  ^*He^+  projectiles  and  for  02  targets  with 

^He2+  projectiles.  It  is  expected  that  3pe2+  will  behave  identically  with 
^*He2+  at  the  same  velocity. 
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Data  Source  Listing  B-2.85.  Excitation  of  noble  gases  by 
helium  impact. 

Excitation  of  the  noble  gases  (He,  Ne,  Ar,  Kr,  and  Xe)  has  been 
adequately  covered  in  Vol.  I of  this  report  and  no  further  data  will  be 
reproduced  here.  Measurements  are  confined  to  impact  energies  below 

100  keV  and  are  entirely  for  He+  projectiles;  there  is  no  information 

for  He°  and  He"*""^  impact.  Page  references  in  Volume  I are  as  follows: 

He+  + He  •+  He+  + He*  (43S,  43P,  43D)  Pages  372  and  373 


He+ 

+ Ne 

•k 

->■  Ne 

Page  426 

He+ 

+ Ar 

k 

->  Ar 

Pages  421 

and  426 

+ 

He 

+ Kr 

* 

->  He 

Page  416 

+ 

He 

+ Kr 

* 

♦ Kr  , 

+* 

Kr 

Pages  421, 

422,  424, 

and 

426 

+ 

He 

+ Xe 

k 

+ He 

Page  416 

+ 

He 

+ Xe 

* 

> Xe  , 

+* 

Xe 

Pages  421, 

423,  424, 

and 

426 

These  pages  give  a representative  selection  of  data  for  a variety  of 
excited  states.  Substantial  additional  information  covering  additional 
energy  levels  is  to  be  found  in  the  compendium  by  Thomas  ("Excitation 
in  Heavy  Particle  Collisions",  Wiley,  1972).  One  should  also  note 

+ +* 

limited  additional  studies  on  the  He  + Ar  -*  Ar  reaction  at  energies 
up  to  10  keV  by  Lipeless  et  al.  , Phys.  Rev.  Letters  24^,  799  (1970)  and 
Phys.  Rev.  A4,  140  (1971),  and  by  isler,  Phys.  Rev.  A 10,  117  (1974). 
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Data  Source  Listing  B-2.86.  Excitation  of  molecular  gases  by 
helium  impact. 

Excitation  of  molecular  gases  by  helium  impact  has  been  covered 
only  in  a fragmentary  fashion.  The  situation  is  as  follows : 

• H.,  Target  - Excitation  of  H,,  by  He+  and  He°  has  been  studied 

from  5 to  30  keV  and  is  reproduced  here  in  Tables  and  Figures 
B-2.87  through  B-2.91. 

• Target  - Excitation  of  one  level  in  N^+  by  He  impact  has 

been  studied  and  is  reproduced  as  Graphical  Data  B-2.92.  There 
are  also  studies  of  the  relative  population  of  rotational  levels 
+ 2 + + 

in  the  excited  N„  (B  £ ) state  induced  by  He  and  He  impact. 

2 u 

These  are  not  reproduced  here  and  the  reader  is  referred  to  the 
following  publications: 

Polyakova  et  al.,  Soviet  Physics  JETP  25^  430  (1967). 

Polyakova  et  al.  , Soviet  Physics  JETP  2_7,  201  (1968). 

Polyakova  et  al.,  Soviet  Physics  JETP  3j3,  63  (1970). 

Sheridan  and  Clark,  Phys.  P.ev.  140,  A1033  (1965). 

Moore  and  Doering,  Phys.  Rev.  182 , (1969). 

• 0.,  Target  - Ho  published  information. 

• CO  Target  - Very  limited  study  on  formation  of  excited  carbon; 

M.  Lipeless,  Physics  Letters  29A,  297  (1969).  No  cross  section 
information. 

• CO,  Target  - Some  studies  of  relative  spectral  line  intensities 

but  no  cross  section  data;  11.  J.  Haugh  and  J.  H.  Birely,  J.  Chem. 
Phys.  60,  264  (1974). 

• Other  Molecular  Targets  - No  published  information. 
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Graphical  Data  B-2.88.  Cross  sections  for  formation  of  H(2s)  (squares) 

and  H(2p)  (circles)  by  He  impact  on  H (upper  graph)  and  on  H (lower 

graph).  The  data  were  taken  from  J.  D.  A.  McKee  et  al.,  J.  Phys. 

B 10,  1679  (1977). 
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Tabular  Data  B-2.89. 
impact  on  H,. 


Cross  sections  for  formation  of  excited  11  by  He 

He+  + H2  ■*  He+  + H*(nl ) +■  H+ 
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Reference:  V.  A.  Ankudinov,  S.  V.  Bobashev  and  E.  P.  Andreev,  Soviet  Physics 
JETP  25,  236  (1967). 

Note:  The  data  shown  under  n-3  is  the  sum  of  cross  sections  for  the  3s, 

3p  and  3d  states  representing  the  cross  section  for  formation  of 
H in  the  n*3  state. 
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Graphical  Data  B-2.90.  Cross  sections  for  formation  of  II  in  the  3s, 

3p,  and  3d  excited  states  by  H+  impact  on  H,  and  also  the  sum  of 

these  three  cross  sections.  (The  data  were  taken  from  the  preceeding 
table.) 
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Tabular  Data  B-2.91.  Emission  of  the  Balmer  t and  lines  of  H 
Induced  bv  He  and  He*"  impact  on  11,.  [These  data  are  cross  sec- 
tions for  emission  of  the  Balmer  a (6563  X)  and  r (4861  X) 
spectral  lines . ] 
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V.  a.  r.usev , 
A.  V.  Zats. 
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V.  F.  Erko,  Ya.  : 
"Sixth  Internal  l> 

1.  F.tgel , 
>nn  1 Conf 

and 
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*ncc  on  the  Phynlis  • >(  Electronic  iml  Collisions**, 

MIT  Press,  i irabr  1 •!<»■ , *biss  n huaettn.  , *09  (l^f,  ), 
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Graphical  Data  B-2.92.  Cross  sections  for  excitation  of  the  ;;,+  3914  X 

2 + 2 + + 

(B  • X (0,0))  transition  by  He  impact  on  N,.  The  data  are 

showi  fun  t Lon  of  projectile  velocity  (corresponding  to  0.5  to 

14  ki  > rev)  and  compared  with  equivelocity  protons.  The  data  were 
taken  t i •••  1'.  1.  Wehrenberg,  Phys.  Rev.  A 15,  84  3 (1977). 
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Slow  Electron  Production  by  Impact  of  Heavy  Ions  and  Atoms 

Introduction 

The  slow  electrons  produced  by  impact  of  a heavy  ion  on  a target 
arise  from  ionization  of  the  target  and  also  by  ionization  of  the  pro- 
jectile (stripping);  data  on  this  total  electron  production  are  given 
here.  Regrettably  the  data  are  fragmentary  and  by  no  means  have  the 
scope  required  for  modelling  of  nuclear  pumped  lasers;  however  they  do 
seem  to  represent  the  only  significant  data  sets  in  the  published 
literature . 


r kcv  f,  kcv 


Energy 

Graphical  Data  B-2.9Ja.  Total  cross  sections  for  production  of  free 

•f  O . T 

electrons  in  gases  by  impact  of  (a)  Ne  , (b)  Ne  , (c)  Kr  , and 

(d)  Kr°.  The  gases  are  Xe,  Kr,  Ar,  Ne,  and  He.  The  data  were  taken 
from  I.  P.  Flaks,  Soviet  Physics,  Technical  Physics  21*  263  (1961). 
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Graphical  Data  B-2.93b.  Total  cross  sections  for  production  of 
electrons  by  various  multiply  charged  ions  (individually 
identified  on  the  graphs)  on  Ne,  Kr,  and  Xe  (identified  in 
circle).  The  data  were  taken  from  Fedorenko  et  al.,  Soviet 
Physics,  JETP  11 , 519  (1960)  and  Flaks  et  al.,  Soviet  Phvsics 
JETP  14,  1027  (1962) . 


Introduction  The  slow  ions  produced  by  impact  of  a heavy  atom  on  a 
target  represent  ionization  of  the  target  only  plus  a component 
due  to  electron  pick  up  by  the  projectile.  Data  on  total  slow  ion 
formation  are  given  here.  Regrettably  the  data  are  fragmentary 
and  by  no  means  have  the  scope  required  for  modelling  of  nuclear 
pumped  lasers;  however  they  do  seem  to  be  the  only  significant 
data  set  in  the  published  literature. 
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Graphical  Data  B-2.94.  Total  cross  sections  for  production  of 

slow  ions  in  gases  by  impact  of  (a)  Ne*,  (b)  Ne°,  (c)  Kr*, 

(d)  Kr°.  The  gases  are  Xe,  Kr,  Ar,  Ne,  and  He.  The  data  were 
taken  from  J.  P.  Flaks,  Soviet  Physics,  Technical  Physics 
31,  263  (1961). 
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Introduction  This  material  refers  to  formation  of  an  ion  B1”^  when  a 

projectile  An  (n  times  ionized)  is  incident  on  a neutral  target  B. 
The  data  include  direct  removal  of  target  electrons  by  ionization 
as  well  as  pick  up  of  electrons  by  the  projectile  from  the  target 
atom  in  the  charge  transfer  process.  The  data  are  fragmentary  and 
in  no  sense  provide  the  scope  necessary  for  laser  modelling;  they  do 
however  appear  to  be  the  only  data  of  this  type  in  the  literature. 


Graphical  Data  B-2.95.  Ionization  of  (a)  Kr 
2+  , 3+ 

Kr  and  Kr  (as  indicated  on  the  graphs) 
singly  (top  box),  doubly  (middle  box),  and 
ions  of  the  target.  The  data  were  taken  f 
Physics,  JETP  J_4,  781  (1962). 


and  (b)  Xe  by  Kr°,  Kr+, 

leading  to  formation  of 
triply  (lower  box)  charged 
rom  Flaks  et  al.,  Soviet 
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Electron  Loss  and  Capture  for  Singly 
Charged  Heavy  Ions  at  Energies  Below  25keV/amu  Traversing  Various  Gases 

Introduction  and  Explanation  of  Symbols  in 
Graphical  Data  B-2.96  (a)  Through  B-2.105 

Electron  capture  and  loss  by  singly  charged  ions  tiave  been  quite 
well  investigated  for  rare  gas  and  halogen  projectiles  at  energies  up  to 
about  25keV/amu.  Cross  sections  for  loss  of  one  or  more  electrons  by 

Ar+  and  Kr+  rise  rapidly  from  the  lowest  studied  energies  (about  50keV) 
to  peak  at  about  2MeV.  Cross  section  decreases  with  increasing  number 
of  electrons  removed.  Cross  sections  for  one  electron  capture  are  slowly 
decreasing  over  the  corresponding  energy  range.  Little  significant 
information  is  found  for  singly  charged  ions  above  2f!eV  energy. 

The  graphical  data  on  the  following  pages  are  drawn  from  the  compen- 
dium by  H.  H.  Lo  and  W.  L.  Fite  (Atomic  Data  305  (1970)).  They  represent 
cross  sections  for  one  or  more  electron  loss  from  singly  charged  projec- 
tiles, one  electron  loss  from  neutral  projectiles  and  one  electron  pick 
up  by  singly  charged  ions.  The  data  cover  Kr,  Sr,  Rb , Ag,  Sb , Xe , I, 

Cs , Ba  and  U in  Ne,  Ar,  N.,  and  0.,.  The  mechanisms,  and  the  symbols  used 

to  identify  them  are  as  follows: 

A+  + B -*  An+  + B + (n-l)e  o,  where  n>l 

In 

+ o + 

A + B A + B Ojq 

o . + 

A + B * A + B + e q 

o 

Data  points  connected  with  lines  and  lying  at  energies  above  0.1 
MeV  are  due  to  Lo  and  Fite;  remaining  data  are  due  to  other  authors.  In 
some  cases,  particularly  for  multiple  electron  loss,  the  data  from 
different  sources  show  severe  unexplained  discrepancies. 

There  are  a few  additional  segments  of  data  which  we  do  not  reproduce 
here.  Dehmel  et  al.  (Atomic  Data  231  (1973))  have  some  further  fragmentary 
data  on  stripping  from  neutral  and  singly  charged  ions.  Also  Pivovar  et 

al. (Soviet  Physics,  JETP  T2,  508  (1966))have  some  data  on  Kr  ions  in  Kr 
and  Xe  over  very  limited  energy  ranges. 

It  will  be  noted  that  for  a given  projectile  the  cross  sections  do 
not  vary  greatly  with  the  nature  of  the  target  gas.  Also,  when  plotted 
on  a velocity  scale,  cross  sections  do  not  vary  appreciably  with  the 
nature  of  the  projectile. 
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Graphical  Data  B-2.97.  Electron  capture  and  loss  for  Sr+  and  Sr 
in  Ar,  N-,  0„. 
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Graphical  Data  B-2.101.  Electron  capture  and  loss  for  I+  in  Ar,  N» 
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, . , 1 Data  B-2.103.  Electron  aptur<  and  Loss  for  Ba  In  At 
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EXCITATION  BY  ELECTRON  IMPACT 
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Tabular  and  Graphical  Data  C-2.1.  Cross  sections  for  electron  impact 


r r 3+ 

excitation  of  C 


e + C3+(22S1/2)  - e + C3+(  2^ /2  ^ 3/J) 


e + 


Cross  section 
'3+  /t 2t 


3+  2 

vs.  electron  energy  for  e + C (2  S ,.)  * 

CJT  (2^1/2  3/2)  • Open  circle  is  an  absolute  measurement.  Cross.- 
are  measured  relative  to  open  circle.  The  dashed  curve:  two-slate  close 
coupling  from  N.  H.  Magee,  Jr.,  J.  B.  Mann,  A.  L.  Merts,  and  W.  I).  Robb, 
Los  Alamos  Scientific  Laboratory  Report  No.  LA-6691 -MS , April  1977  (un- 
published). Dotted  curve:  I’nitarized  Coulomb-Born  with  exchange  (same 
reference).  Solid  curve:  "expected"  cross  section  resulting  from  convo- 
lution of  electron  energy  distribution  with  the  two-state  close-coupling 
calculation.  Bars  represent  statistical  uncertainties  at  90%  confidence 
level.  Measured  points  (open  circle  and  crosses)  are  tabulated  below. 
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1256  (1977) 
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Tabular  Data  C-2.2.  Cross  sections  for  electron  impact  excitation 
of  Hg. 

Excitation  of  the  State 
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Reference:  S.  D.  Rockwood,  Phys.  Rev.  A {5,  2348  (1973) 
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Tabular  and  Graphical  Data  C-2.3a 
excitation  of  Hg  ions. 


Cross  sections  for  electron  impact 
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Tabular  and  Graphical  Data  C-2.3c.  Cross  sections  for  electron  impact 
excitation  of  Hg  ions. 


+1 

4.1 

e + Hg  -+ 

Hg  (284.7  nm) 

Electron 

Cross 

Electron 

Cross 

Electron 

Cross 

Energy 

Section 

Energy 

Section 

Energy 

Section 

eV 

in"!7  2 

10  cm 

eV 

in-17  2 

10  cm 

eV 

in"17  2 

10  cm 

12.1 

2.15 

20.5 

0.687 

68.0 

0.463 

12.5 

2.29 

23.4 

0.771 

91.5 

0.414 

12.8 

2.10 

2P.3 

1.04 

141 

0.336 

13.1 

1.35 

32.5 

0.944 

264 

0.142 

15.2 

1.30 

43.7 

0.654 

_ _ 

17.6  0.880 

56.2  0.626 

Cont.  Next  Column 

Cont.  Next  Column 

Electron  Energy  (eV) 


Reference:  R.  A.  Phaneuf,  P.  0.  Taylor,  and  0.  H.  Dunn, 

Phys.  Rev.  A 14,  2021  (1976) 


1739 


Tabular  and  Graphical  Data  C-2.3d.  Cross  sections  for  electron  impact 
excitation  of  Hg  ions. 
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Tabular  and  Graphical  Data  C-2.4.  Cross  sections  for  electron  impact 
excitation  of  U. 
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Tabular  Data  C-2.6.  Cross  sections  for  electronic  impact  excitation  of  N 


Reference:  D.  C.  Cartwright,  S.  Traimar,  A.  Chutjian,  and  W.  Williams 

Phys . Rev.  A 1^,  1041  (1977) 


Tabular  and  Graphical  Data  C-2.7.  Cross  sections  for  electron  impact 


excitation  of  N?  . 
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Tabular  Data  C-2.8c.  Cross  sections  for  electron  Impact  excitation 
of  C>2 . 
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Tabular  and  Graphical  Data  C-2.10a. 
impact  excitation  of  NO. 
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Tabular  and  Graphical  Data  C-2.10b.  Cross  sections  for  electron 
impact  excitation  of  NO. 
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Tabular  and  Graphical  Data  C-3.1a.  Cross  sections  for  electron  impact 
dissociation  of  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.2a.  Cross  sections  for  electron  impact 
dissociation  of  D9  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.3.  Cross  sections  for  electron  impact 
dissociation  of  H^+. 

e + H + -*•  H+  + H„ 
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Tabular  and  Graphical  Data  C-3.4a.  Cross  sections  for  electron  impact 
dissociation  of  N.,  to  form  excited  fragments. 


e + ‘!2  * 

N (108. A nn) 

Electron 

Cross 

Elect  ron 

Cross 

Electron 

Cross 

Energy 

Section 

Energy 

Section 

Energy 

Section 

v .n"18  2 ,,  ,„-18  2 „ . n-l  8 2 

eV  10  cm  eV  10  cm  eV  10  cm 


42.1 

0.109 

74.7 

13.0 

131 

25.3 

43.7 

0.782 

78.0 

14.0 

135 

25.4 

46.6 

2.03 

81.3 

15.1 

140 

25.4 

49.4 

3.21 

86.2 

16.6 

145 

25.2 

52.8 

4.56 

91.9 

18.2 

151 

24.9 

56.1 

5.81 

98.3 

10.0 

157 

24.5 

58.4 

6.66 

103 

21.1 

164 

23.9 

60.7 

7.55 

109 

22.4 

172 

23.2 

63.8 

8.93 

114 

23.5 

178 

22.5 

66.8 

10. 1 

121 

24.5 

187 

21.6 

70.6 

11.5 

127 

25.0 

Cont.  Next 

Column 

Cont.  Next 

Column 

Electron  Cross  Electron  Cross  Electron  .Cross 

Energy  Section  Energy  Section  Energy  Section 


I 


Tabular  and  Graphical  Data  C-3.4c.  Cross  sections  for  electron  impact 
dissociation  of  N?  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.4d.  Cross  section 
dissociation  of  N.,  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.4d.  Cross  sections  for  electron  impact 
dissociation  of  N?  to  form  excited  fragments  (Concluded). 
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Reference:  J.  F.  M.  Aarta  and  F.  J.  de  lleer,  Physlca  52,  45  (1971) 


Tabular  and 

Graphical 

Data  C-3.4e. 

Cross  sections  for  electron 

impact 
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(Concluded) . 
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Tabular  and  Graphical  Data  C-3.4f.  Cross  sections  for  electron  impact 
dissociation  of  N.,  to  form  excited  fragments. 
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Reference:  M.  J.  Mumma,  E.  C.  Zipf,  J.  Chetn.  Phys.  5_5,  3582  (1971) 
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Tabular  and  Graphical  Data  C-3.4f.  Cross  sections  for  electron  impact 
dissociation  of  N,?  to  give  excited  fragments  (Concluded)  . 

e + N2  ♦ N (149.3  nm) 
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Tabular  and  Graphical  Data  C-3.5.  Cross  sections  for  electron  impact 
dissociation  of  N.,. 


e + N2  *■  e + N + N 


Tabular  and  Graphical  Data  C-3.6a.  Cross  sections  for  electron  impact 
dissociation  of  09  to  form  excited  fragments. 
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Reference:  W.  Sroka,  7. . Naturforsch.  23a.  2004  (1968) 


Tabular  Data  C- 

■3.6b.  Cross 

sections  for 

electron  impact 

dissociation 

of  0^  to  form 

excited  fragments. 
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Tabular  and  Graphical  Data  03. 6c.  Cross  sections  for  electron  impact 
dissociation  of  0?  to  form  excited  fragments. 

e + 0?  ♦ 0 (87.9  nm) 
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Tabular  Data  C-3.6e.  Cross  sections  for  electron  impact 
dissociation  of  0.,  to  form  excited  fragments. 

c + 0?  ♦ 0 (130.0  tin) 
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Tabular  and  Graphical  Data  C-3.6f.  Cross  sections  for  electron  impact 
dissociation  of  0 to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.6g.  Cross  sections  for  electron  impact 
dissociation  of  CL  to  form  excited  fragments. 
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Tabular  and  Graphical 

Data  C-3.6h, 

, Cross  sections 

for  electron  impact 

dissociation  of  0., 

to  form  excited  fragments. 
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Tabular 

and  Graphical 

Data  C-3. 7a. 

Cross  sections 

for  electron  impact 

dissociation  of  CO 

to  form  excited  fragments. 
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Reference:  J.  M.  Ajello,  J-  Chem.  Phys.  3_3t  3158  (1971) 
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Tabular  and 

Graphical 

Data  C-3.7c. 

Cross  sections 

for  electron  impact 

dissociation  of  CO 

to  form  excited 

fragments . 
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Reference:  C.  H.  I awrence,  Rhys.  Rev.  A _2,  397  (1970) 
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Tabular  and  Graphical  Data  03. 8a.  Cross  sections  for  electron  impact 
dissociation  of  NO  to  form  excited  fragments. 

p + NO  ♦ 0 (i3fi#4  nn) 
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Tabular  and  Graphical 
dissociation  of  h0 

Data  C-3.8b.  Cross  sections 
to  form  excited  fragments. 
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Tabular  Data  C 3.8c.  Cross  sections  for  electron  impact 
dissociation  of  NO  to  form  excited  fragments. 
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labular  Data  (.  }.8d.  Cross  sections  for  electron  impact 
dissociation  of  NO  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.8e.  Cross  sections  for  electron  impact 
dissociation  of  NO  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.9a.  Cross  sections  for  electron  impact 
dissociation  of  CO,  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.9b.  Cross  sections  for  electron  impact 
dissociation  of  CO,  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.9c.  Cross  sections  for  electron  impact 
dissociation  of  C0?  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.9d.  Cross  sections  for  electron  impact 
dissociation  of  C0.?  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-!.9e.  Cross  sections  for  electron  impact 
dissociation  of  CO.,  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3. 10a.  Cross  sections  for  electron  impact 
dissociation  of  H^O  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3. 10b.  Cross  sections  for  electron  impact 
dissociation  of  H.,0  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.10c.  Cross  sections  for  electron  impact 
dissociation  of  H.,0  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.10e.  Cross  sections  for  electron  impact 
dissociation  of  H,0  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.10g.  Cross  sections  for  electron  impact 
dissociation  of  H ,0  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3. lid.  Cross  sections  for  electron  impact 
dissociation  of  NH ^ to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.12b.  Cross  sections  for  electron  impact 
dissociation  of  CH ^ to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.12d.  Cross  sections  for  electron  impact 
dissociation  of  CH^  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.12e.  Cross  sections  for  electron  impact 
dissociation  of  CH^  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C— 3.12g.  Cross  sections  for  electron  impact 
dissociation  of  CH^  to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.13c.  Cross  sections  for  electron  impact 
dissociation  of  C.^H  ? to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-3.13d.  Cross  sections  for  electron  impact 
dissociation  of  C.,11 „ to  form  excited  fragments. 
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Tabular  and  Graphical  Data  C-4.3.  Cross  sections  for  electron  impact 
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Tabular  and  Graphical  Data  C-4.9.  Cross  sections  for  electron  impact 
* 3 + 

ionization  of  Ne?  ( I ) metastable  excimer. 
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Tabular  and  Graphical  Data  C-4.12.  Cross  sections  for  dissociative 
ionization  of  C0„  to  give  C+. 
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M.  J.  Mumma,  E.  J.  Stone,  W.  L.  Borst , and  E.  C.  Zlpf 
J.  Chem.  Pbys . 57,  68  (1972) 
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Tabular  and  Graphical  Data  C-4.13.  Cross  sections  for  simultaneous 
electron  impact  ionization  and  excitation  of  Hg+. 
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Reference:  R.  A.  Phaneuf,  P.  0.  Taylor,  and  G.  H.  Dunn 
Phys.  Rev.  A 14,  2021  (1976) 


Tabular  and  Graphical  Data  C-4.14.  Cross  sections  for  electron  impact 
ionization  of  U. 
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Graphical  Data  C-5.1.  Cross  sections  for  recombination  of  electrons 
with  H 0+. 


Electron-H^O  recombination  cross  section  vs  energy,  taken  with  a 

narrow  electron  energy  distribution  of  a high-resolution  electron  gun 
(a),  and  with  a wide  energy  distribution  of  a low-resolution  electron 
gun  (b) . In  both  (a)  and  (b)  the  actual  cross-section  data  are  indi- 
cated by  the  points,  the  solid  line  represents  the  deduced  cross  section, 
the  dashed  lines  represent  a convolution  of  the  deduced  cross  section 
with  the  respective  electron  energy  distributions.  The  dotted  lines 
represent  an  extension  of  the  deduced  cross  section,  made  to  be  consis- 
tent with  the  present  data,  the  rate-coefficient  measurement  of  M.  T.  Leu, 
M.  A.  Biondi,  and  R.  Johnsen,  Phys.  Rev.  A _7>  292  (1973)  and  with  theo- 
retical threshold  behavior  of  recombination  cross  sections.  The  open 
circle  in  (b)  represents  the  average  cross  section  of  nine  measurements. 
The  star  represents  the  average  cross  section  value  obtained  from  the 
rate-coefficient  measurement  of  Leu,  Biondi,  and  Johnsen. 


Reference:  R.  A.  Heppner,  F.  L.  Walls,  W.  T.  Armstrong,  and  G.  H.  Dunn, 

Phys.  Rev.  A 13,  1000  (1977). 
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Tabular  Data  C-5.1.  Cross  sections  for  recombination  of  electrons 
with  H^0+. 
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Graphical  Data  C-5.2.  Cross  sections  for  recombination  of  electrons 

with  NHt. 

4 


ELECTRON  ENERGY  (e V) 


Electron-NH^  recombination  cross  section  vs  energy.  The  points 
are  measurements  using  a high- resolution  electron  gun  in  a 0.85  -V  well  (o) ; 
the  low- resolution  gun  (LRG)  in  a 0.85-V  well  (x) ; the  LRG  in  a 0.85-V 
well  with  large  heating  corrections  (A)  (see  reference) ; the  LRG  in  a 
1.85-V  well  O.  The  solid  line  is  the  deduced  cross  section  from 
Eq . (6)  of  the  reference.  The  *'s  represent  rate-coefficient  data  of 
C.  M.  Huang,  M.  A.  Biondi,  and  R.  Johnsen,  Phys.  Rev.  A J^4,  984  (1976) 
converted  approximately  to  cross  sections  as  discussed  in  the  reference. 

Reference:  R.  D.  DuBois,  J.  B.  Jeffries,  and  G.  H.  Dunn, 

Phys.  Rev.  A,  1314  (1978) 
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Tabular  Data  C-5.2.  Cross  sections  for  recombination  of  electrons 

with  NH+ 

4 

High-Resolution  Electron  Gun  Low- resolution  Electron  Gun 
0.85-V  well  (o)  0.85-V  well  <D) 

See  ca_ption  of  associated  figure 
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Reference:  R.  D.  DuBois,  J.  B.  Jeffries,  and  G.  H.  Dunn,  Phys.  Rev. 

A,  1314  (1978). 
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Tabular  and  Graphical  Data  C-5.3.  Cross  sections  for  dissociative  . j 

recombination  of  electrons  with  H+. 
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The  H.J  ions  are  vibrationally  hot.  The  structure  detail  shown  in  the 
figure  is  not  given  in  the  table.  Also  shown  in  the  figure  are  the  experi- 
mental results  of  B.  Peart  and  K.  T.  Dolder,  J.  Phys.  B,  236  (1974)  (x) 

and  theoretical  calculations  from  C.  Bottcher,  J.  Phys.  B £,  2899  (1976) 
(broken  curve) . 

Reference:  D.  Auerbach  et.  al.,  J.  Phys.  B 10,  3797  (1977). 
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Tabular  and  Graphical  Data  C-5.4.  Cross  sections  for  dissociative 
recombination  of  electrons  with  H+ 


■*  H + H. 
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Contra- of -moss  energy  leV) 

The  Hj  ions  may  be  vibrationally  hot.  The  structure  detail  shown 
in  the  figure  is  not  given  in  the  table  Also  shown  in  the  figure  are 
the  experimental  results  of  B.  Peart  ana  K.  T.  Dolder,  J.  Phys.  B 7, 

1948  (1974)  (x)  and  of  M.  T.  Leu,  M.  A.  Biondi  and  R.  Johnsen,  Phys.  Rev  A J? 
413  (1973)  ( A ) . 


Reference:  D.  Auerbach  et.  al . , J.  Phys.  B 10,  3797  (1977). 


Tabular  and  Graphical  Data  C-5.5.  Cross  sections  for  dissociative 
recombination  of  electrons  with  N0+. 

e + N0+  -*■  N + 0 
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Tabular  and  Graphical  Data  C-5.6.  Cross  sections  for  dissociative 
recombination  of  electrons  with  0*. 
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Note:  These  ions  may  be  vibrat ional ly  hot. 


Reference:  P.  M.  Mul  and  J.  Wm.  McGowan,  J.  Phys.  B (to  be  published). 


Tabular  Data  C-5.9.  Cross  sections  for  dissociative  recombination  of 
electrons  with  ions. 

The  data  in  C - 5.10  to  C - 5.20  are  summarized  in  the  following  table. 
The  electron-ion  dissociative  recombination  was  measured  in  an  electron- 
ion  merged-beam  experiment.  The  cross  sections-^*  £.01  eV  are  given  below. 
The  cross  sections  have  an  approximate  1/E  electron-energy  dependence  at 
electron  energies  below  0.08  eV.  The  onset  of  deviation  indicates  the  energy 
at  which  the  cross  section  deviates  from  the  1/E  behavior. 
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Note:  These  ions  may  be  vibrationally  hot. 

Reference:  J.  Wm.  McGowan  et.  al . , Phys.  Rev.  Lett.  ^2,  373  (1979). 
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Tabular  and  Graphical  Data  C-5.10.  Cross  sections  for  dissociative 
recombination  of  electrons  with  0H+. 
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Electron  Energy  (eV) 


Note:  These  ions  may  be  vibrationally  hot. 
Reference:  J.  Wm.  McGowan,  private  communication. 
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Cross  Section  (10  ^cm 


Tabular  and  Graphical  Data 

C-5.11.  Cross 

sections 

for  dissociative 

recombination  of  electrons  with  H^O  . 

Electron 

Cross 

Electron 

Cross 

Energy 

Section 

Energy 

Section 

eV 

10“15cm2 

eV 

10_15cm2 

0.0066 

230 

0.18 

7.5 

0.011 

150 

0.30 

2.9 

0.019 

84 

0.42 

1.4 

0.029 

62 

0.72 

0.48 

0.056 

32 

0.093 

20 

• k 


+ -2 

— E 


o.i  - ■- 


JU-lJ 

0.01 


0.1 

Electron  Energy  (eV) 


Note:  These  ions  may  be  vibrational ly  hot. 
Reference:  J.  Wm.  McGowan,  private  communication. 
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Tabular  and  Graphical  Data  C-5.12.  Cross  sections  for  dissociative 
recombination  of  electrons  with 
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Electron  Energy  (eV) 


Note:  These  ions  may  be  vibrationally  hot. 

Reference:  J.  Wm.  McGowan,  private  communication. 
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Tabular  and  Graphical  Data  C-5.13.  Cross  sections  for  dissociative 
recombination  of  electrons  with  C^. 
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Note:  These  ions  may  be  vibrational ly  hot. 

Reference:  J.  Wm.  McGowan,  private  communication. 
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Tabular  and  Graphical  Data  C-5.14.  Cross  sections  for  dissociative 
recombination  of  electrons  with  CH  . 
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Note:  These  ions  may  be  vibrat ionally  hot. 
Reference:  J.  Wm.  McGowan,  private  communication. 


Tabular  and  Graphical  Data  C-5.15.  Cross  sections  for  dissociative 
recombination  of  electrons  with  CH^. 
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Note:  These  ions  may  be  vibrational ly  hot. 

Reference:  J.  Wm.  McGowan,  private  communication. 
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Tabular  and  Graphical  Data  C-5.17. 

recombination  of  electrons  with 

Cross  sections 
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Tabular  and  Graphical  Data  C-5.18.  Cross  sections  for  dissociative 
recombination  of  electrons  with  CH^. 
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Tabular  and  Graphical  Data  C-5.19.  Cross  sections 
recombination  of  electrons  with  C.,H*. 
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Tabular  and  Graphical  Data  C-5.20 
recombination  of  electrons  with 


Cross  sections  for  dissociative 
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Tabular  C-5.21a.  Coefficients 
for  radiative  recombination 
of  electrons  with  ions 
at  T = 100  K. 
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Tabular  C-5.21b.  Coefficients 
for  radiative  recombination 

of  electrons  with  ions  (a  ,) 
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Tabular  Data  C-5.22.  Coefficients  for  radiative 

recombination  of  electrons  with  ions  (a  ,) . 
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Tabular  and  Graphical  Data  C-6.1. 
of  electrons  to  H. 
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Tabular  and  Graphical  Data  C-6.2.  Coefficient  for  radiative  attachment 
of  electrons  to  C. 
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Reference:  II.  P.  Mital,  S.  Chandra,  and  U.  Naraln, 
J.  Phys.  Soc.  Jpn.  .42,  1282  (1977) 


Tabular  and  Graphical  Data  C-6.3.  Coefficient  for  radiative  attachment 
of  electrons  to  0. 
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Tabular  and  Graphical  Data  C-6.4.  Coefficient  for  radiative  attachment 
of  electrons  to  F. 
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Tabular  and  Graphical  Data  C-6.5.  Coefficient  for  radiative  attachment 
of  electrons  to  Cl. 
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Tabular  and  Graphical  Data  C-6.6.  Coefficient  for  radiative  attachment 
of  electrons  to  I. 
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Tabular  and  Graphical  Data  C-6.7a. 
attachment  of  electrons  to  H„. 
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Reference:  G.  J.  Schulz  and  R.  K.  Asundi,  Phys.  Rev.  1 58 . 25  (1967) 
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Tabular  and  Graphical  Data  C-6.7b.  Cross  sections  for  dissociative 
attachment  of  electrons  to  H?. 
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Tabular  and  Graphical  Data  C-6.8. 
attachment  of  electrons  to  HD. 
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Tabular  and  Graphical  Data  C-b.9.  Cross  sections  for  dissociative 
attachment  of  electrons  to  D.,. 
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Tabular  and  Graphical  Data  C-6.10.  Cross  sections  for  dissociative 
attachment  of  electrons  to  H,,+. 
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Cross  sections  for  dissociative  attachment 


Tabular  Data  C-6.11. 
of  electrons  to  C^. 
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Tabular  and  Graphical  Data  C-6.12.  Cross  sections  for  dissociative 
attachment  of  electrons  to  Cl^. 
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Tabular  and  Graphical  Data  C-6.13.  Cross  sections  for  dissociative 
attachment  of  electrons  to  I0. 
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Tabular  and  Graphical  Data  C-6.14a 
attachment  of  electrons  to  HC1. 
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Tabular  and  Graphical  Data  C-6.14a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  HC1  (Concluded). 
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Tabular  and  Graphical  Data  C-6.14b.  Cross  sections  for  dissociative 
attachment  of  electrons  to  HC1. 
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Tabular  and  Graphical  Data  C-6.15.  Cross  sections  for  dissociative 
attachment,  of  electrons  to  DC1. 
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Tabular  and  Graphical  Data  C-6.16.  Cross  sections  for  dissociative 
attachment  of  electrons  to  HBr. 
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Tabular  and  Graphical  Data  C-6.17.  Cross  sections  for  dissociative 
attachment  of  electrons  to  HI. 
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Tabular  and  Graphical  Data  C-6.18a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CO. 
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Tabular  and  Graphical  Data  C-6.18b.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CO. 
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Tabular  and  Graphical  Data  C-6.19.  Cross  sections  for  dissociative 
attachment  of  electrons  to  NO. 
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Tabular  Data  C-6.20a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CO,  to  form  0~. 
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Graphical  Data  C-6.20a.  Cross  sections  for  dissociative  attachment  of  electrons  to  CO 
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Tabular  Data  C-6.20b. 
electrons  to  C09  to 


Cross  sections  for  dissociative  attachment  of 
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Graphical  Data  C-6.20b.  Cross  sections  for  dissociative  attachment  of  electrons  to  CO 
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Graphical  Data  C-6.21.  Cross  sections  for  dissociative  attachment  of  electrons  to  CO 


Tabular  and  Graphical  Data  C-6.22a. 
attachment  of  electrons  to  N^O. 


Cross  sections  for  dissociative 


e + N^O  •*  0 


Elect  ran 

Cross 

Flirt  roil 

Cross 

Fleet  run 

Cross 

rne  rj’y 

Oec  t i on 

Energy 

Cert  ion 

I'nerpy 

Sect  i on 

eV 

10  1 cm^ 

c V 

8 2 

10  cn 

eV 

10-1Fcn2 

0.213 

0.166 

1 .60 

3.57 

2 ./,o 

10.1 

0.312 

0.631 

1 . 50 

3.66 

2 . 5 o 

9.15 

0.618 

0.629 

1 .61 

3.21 

2.70 

6.50 

0.517 

0.867 

1.71 

3.09 

2.79 

6.51 

0.61  1 

1 .06 

1 .80 

3.18 

2 .°C 

2.71- 

0.715 

1.27 

1 .9(1 

3.75 

c 

c 

1.56 

0.820 

1 .59 

2.00 

5.16 

3.10 

0.808 

0.921 

1 .83 

2.10 

6.Q0 

3.?1 

0.633 

1.01 

2.16 

2.16 

7.81 

3.31 

C . 2 l 3 

1.11 

2.58 

2.18 

8.79 

3.51 

0.0628 

1.22 

3.03 

2.29 

10. 1 

3.71 

0.0536 

1.31 

3.63 

2.39 

10.3 

Cont.  Oext 

Colon n 

Cont.  "ext 

Col  urm 

Electron  Energy  (eV) 


Reference  : 


L.  G.  Christophorou,  D.  L.  McCorkle,  and  V.  E.  Anderson, 
J.  Phys.  B 4,  1163  (1971) 


I 


e 

u 


ao 

H 

I 


U 

<D 

CO 

cn 

(A 

O 

U 

u 


Tabular 

and  Graphical 

Data  C-6. 22b 

. Cross  sections 

for  dissociative 

attachment  of  electrons  to  N2O. 

e + N20  ♦ 

negative  Ions 

Electron 

Cross 

Electron 

Cross 

Electron 

Cross 

Energy 

Section 

Energy 

Section 

Energy 

Section 

eV 

in"18  2 

10  cm 

eV 

10-18cm2 

eV 

10_l8cm2 

0.40 

0.458 

1.9 

6-64 

3. 

.4 

0.466 

0.50 

1.33 

2-0 

7.59 

3. 

.5 

0.  352 

0.60 

1.73 

2.  1 

8.28 

3. 

,6 

0.282 

0.70 

1-93 

2.2 

8.61 

3. 

. 7 

0.229 

0.80 

2.04 

2.3 

8.57 

3. 

8 

0.194 

0.90 

2.09 

2.4 

8.04 

3. 

9 

0.  167 

1.0 

2.16 

2.5 

7.  10 

4. 

• 0 

0.132 

1.1 

2.24 

2.6 

5.98 

4. 

. 1 

0.  123 

1.2 

2.33 

2.7 

4.84 

4 . 

.2 

0.  106 

1.3 

2.49 

2.8 

3.57 

4 . 

.3 

0.0968 

1.4 

2.  79 

2.9 

2.60 

4. 

• 5 

0.0968 

1.5 

3.29 

3.0 

1.92 

5 

.0 

0.0968 

1.6 

3.92 

3.1 

1.39 

1.7 

4.94 

3.2 

0.968 

1.8 

5.95 

3.3 

0.634 

Cont-  Next  Column 

Cont.  Next 

Column 

" ! 

e + N ,0  -*•  neg . 

ions 

1 c'  3 « 

Electron  Energy  (eV) 

Reference:  D.  Rapp  and  P.  P.  Brlglla,  J.  Chetn.  Phys.  4_3f  1480  (1965) 


1896 


i 


Tabular  and  Graphical  Data  C-6.23a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  H.,0. 
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Tabular  Data  C-6.23b.  Cross  sections  for  dissociative  attachment  of 
electrons  to  H^O. 
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Graphical  Data  C-6.23b.  Cross  sections  for  dissociative  attachment  of  electrons  to  H^O 
(Concluded) . 
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Tabular  and  Grapliical  Data  C-6.25£ 
attachment  of  electrons  to  NF^. 
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Tabular  and  Graphical  Data  C-6.25b.  Cross  sections  for  dissociative 
attachment  of  electrons  to  NF^. 
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Tabular  Data  C-6.25. 
electrons  to  NF^. 
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Tabular  and  Graphical  Data  C-6.26a.  Cross_sect ions 
attachment  of  electrons  to  OCS  to  form  S . 
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Tabular  and  Graphical  Data  C-6.26a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  OCS  to  form  S (Continued). 
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Tabular  and  Graphical  Data  C-6.26a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  DCS  to  form  S (Concluded). 
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Tabular  and  Graphical  Data  C-6.26c. 
attachment  of  electrons  to  OCS. 


Cross  sections  for  dissociative 


e + OCS  * OS 


Y lect run 

C runs 

i neri>y 

OeCt ion 

eV 

a rhi  t rarv 

3.7-. 

7.33 

3.05 

7.02 

4.16 

P.  ^ P 

4.28 

o . 4 1 

4.40 

P.Sf 

4. 68 

0.4 

4.40 

1 1 .8 

4.77 

17.4 

4.«5 

21.1 

4.07 

23.4 

5.  no 

IP." 

Cont.  Next  Coition 


i lect  run 

Cross 

l.nerp.y 

Sect  ion 

eV 

a rhi  t r;t  ry 

3.1- 

37. 

3.23 

42. 

3.36 

32.6 

3.46 

36.1 

5.37 

60. n 

3.66 

61.3 

3.73 

6 1 .< 

5.7  3 

52.4 

5.05 

45.0 

0.05 

3<  .7 

4.11 

33. " 

tout,  “'ext  Coin!  i) 


elect  run 

Cross 

1 no  r,  ,y 

Sect  ion 

eV 

a roi t ra  ry 

6.24 

27.1 

6.33 

18.1 

< . 44 

14.2 

6.55 

16.7 

6.66 

7.73 

6.76 

4.7" 

6 .° c 

2.06 

G.r  r 

2.ro 

7.46 

1 

7.17 

0.060 

80 1 

e + OCS  -*  OS 


I 

I 

i 


U 

V 

•n 


x 

x 

o 

u 

U 


x 


X 


X 


,1  t. 


.1 I I 

•15  6 

Llectron  Energy  (eV) 


J 

b 


Reference : 


K.  A.  G.  MacMeil  and  J.  C.  J.  Thynne, 
J,  Phys.  Chem.  73,  2960  (19b9) 


Tabular  and  Graphical  Data  C-6.26d.  Cross  sections  for  dissociative 
attachment  of  electrons  to  OCS. 

. 


e + 

OCS  * cs 

Meet  run 

r ross 

rivet rou 

0 ror.s 

fleet  run 

Cross 

T tie  ry.y 

fee  t i on 

r norry 

Sect  ion 

fner*  y 

Poet  ion 

eV 

.irbl t r try 

e'- 

nrbi  t r.try 

c-V 

.irl>  i t r.t  rv 

4 . 7 S 

P.44 

4.  1 • 

•u',.7 

7.31 

30. 4 

4.02 

r 4 3 

4.1? 

o ^ 9 

7.37 

20.  f 

5.04 

'.42 

2r»  • 3 

7.4P 

P.4 

5 . i y 

P.41 

*■>  p 

32.5 

7.40 

0 . °4 

5.30 

P . 5 1 

4.4P 

34.4 

7.47 

7.41 

5PP 

o.os 

4.5P 

4 2. r 

7. 7,! 

5.5) 

5.'P 

9 • f ° 

4.4  7 

4 P . 1 

7.40 

4 . P P 

P.7 

4.7f 

52.2 

P.03 

4.24 

5.47 

14.' 

fi.f'f 

4 4.2 

f.12 

3 . 0 7 

5. PI 

17.' 

6.  or 

41.4 

t .24 

2 ,Fr 

S.po 

P.l 

7.07 

4 2.1 

5.07 

OP  o 

7.1  7 

34  . ] 

'one.  Next 

r olunn 

Cunt  • ’.ext 

Colui  n 

» 


Tabular  and  Graphical  Data  C-6.27a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CS2  to  form  S . 
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Tabular  and  Graphical  Data  C-6.27b.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CS?. 
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Tabular  and  Graphical  Data  C-6.27c.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CS,-,. 
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Tabular  and  Graphical  Data  C-6.27d.  Cross  sections  for  dissociative 
attachment  of  electrons  to  C S^. 
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Tabular  and  Graphical  Data  C-6.28a.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CF.  . 
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Tabular  and  Graphical  Data  C-6.28b.  Cross  sections  for  dissociative 
attachment  of  electrons  to  CF,. 
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